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ABSTRACT 


The principal objective of this study was to identify 
and partially purify the androgen-receptors of the ventral prostate 
gland of the rat. A second objective was to study the functional 
relationship between steroid-receptors and the transport of androgens 
across the nuclear membrane of prostatic cells. 

The in vitro binding of ao. Width erestnarer one and 
[1 2-H] testosterone to nuclear proteins was measured by gel 


7 cee were 


filtration and association constants of the order of 10 
obtained, Castration caused a decrease in the binding of dihydro- 
testosterone to nuclear receptors and an increase in its binding to 
cytosol receptors. 

Cytoplasmic and nuclear receptors were partially 
purified with chromatographic techniques employing cellulose phosphate 
and Sephadex G-200. Under,in vitro. conditions six types of steroid- 
receptors were found - four in cytosol and two in nuclei. However, 
two of the cytosol receptors were not observed in vivo. All forms of 
intracellular binding proteins were different from steroid receptors 
in serum. 

In vivo binding studies demonstrated that only 
testosterone and dihydrotestosterone bind to steroid-receptors in 
cytosol and that only these two steroids are incorporated into the 


nucleus. The transport of steroids across the nuclear membrane was 


shown to depend on a concentrative process as most of the intracellular 
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radioactivity originating from a pulse injection of [1 2-"H testosterone 
was retained in nuclei. This property taken together with other 
considerations indicates the incorporation of androgens into nuclei 
is accomplished by an active transport system. 

When the transfer of androgens from cytoplasm to 
nucleus was studied in vivo using pulse-chase methods, it was found that 
the cytosol and nuclear receptors were labelled in sequence and that 
the amounts of radioactive androgen lost from the former and gained by 
the latter were almost equal. These results are consistent with the 
concept that the combined action of cytosol and nuclear receptors is 
necessary for the transfer of steroid across the nuclear membrane. 
Further investigation of the various intracellular receptors revealed 
that cellulose phosphate Peak 2 receptors of cytosol and Sephadex Peak 
III receptors of nuclei are closely related in structure and appear 
to assume the wae fae steroid carriers in the cell. Therefore, it 
seems reasonable to conclude that the nuclear uptake of steroids is 
largely, if not entirely, dependent on the action of these 


particular molecules. 
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CHAPTER I 


INTRODUCTION 


"Corpora non agunt nisi fixata" 


(Paul Ehrlich, 1854-1915) 


The binding of small molecules (ligands) such as vitamins 
and steroid hormones to molecular entities such as proteins is now 
understood to be an obligatory step in the expression of the 
biological activity of many essential compounds. Our insight into the 
importance of macromolecule-ligand interactions is attributable to the 
pioneer studies of Paul Ehrlich (Pilner, 1972). Results of his early 
research with dyes and proteins led him to postulate that low molecular 
weight substances are not biologically active unless they become 
attached to specific receptors (Corpora non agunt nisi fixata). 

Heidenhain (1903) and Bechhold (1907) were the first to 
provide experimental evidence in support of this hypothesis. 

Heidenhain observed that serum albumin, when added to a solution of 
acidic azo dyes, interfered with the dialysis of dyes through 
parchment tubing. A reasonable interpretation of his results was that 
binding had occurred between the dye and the serum protein. Bechhold 
explored this phenomenon further, utilizing the technique of 
ultrafiltration. From his data he concluded that dyes, such as 


methylene blue, could be reversibly adsorbed to serum proteins. Since 
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the inception of these studies the interaction of small molecules with 
specific binding proteins has proven to be relevant in the fields of 


enzymology, immunology, toxicology, oncology, and endocrinology. 


A Binding of Steroids to Serum Proteins: Early Studies 


The first observation of reversible binding of steroids 
to proteins was reported by Oppenheimer (1913). While conducting 
in vitro experiments on the effects of digitalis on frog heart, he 
noted a decreased toxicity of the steroids when serum was included in 
the incubation medium. He surmised that his results were due to the 
formation of a steroid-protein complex. The adsorption of the 
steroids to serum had apparently reduced the effective amount of 
digitalis reaching the cardiac cells. 

Unfortunately the significance of Oppenheimer's results 
was largely 1 enor ban uta the early 1930's at which time Bennhold 
(1932) began a thorough investigation of protein-ligand interactions. 
As a result of his studies he was able to postulate that serum 
proteins act as vehicles for the transport of steroids and other 
small molecules to specific tissues. Upon delivery to target organs, 
the protein-ligand complex would dissociate and allow the transported 
moiety to exert its biological activity. This mechanism still remains 
as the accepted explanation for transport of steroids in the vascular 
system. 

Following the discovery of sex hormones*in the late 


1920's Brunelli (1934) conducted a series of dialysis experiments in 
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which he demonstrated that estrogens could bind reversibly to serum 
proteins. However, it was not until fourteen years later that 
beshoctenedes was also shown to participate in similar protein binding 
interactions (Bischoff and Pilhorn, 1948; Barry et al., 1952). While 
this early work provided evidence for direct association between 
steroid hormones and serum proteins, there was a paucity of 
information concerning the fate of such hormones in their respective 


target tissues. 


vag Binding of Androgenic Steroids to Intracellular 
Proteins: Survey of Recent Advances 


The synthesis of radioactive steroid hormones provided 
the opportunity for investigators to examine the localization of such 
compounds in peripheral tissues. In the case of androgens, Barry et al. 
(1952) found a significant amount of radioactivity present in the 
seminal vesicles of the rat after a single injection of radioactive 
testosterone. Similar studies by Greer (1959) confirmed Barry's 
results and demonstrated that the ventral prostate of the rat was 
also capable of accumulating labelled androgen. Furthermore he found 
that the radioactive testosterone disappeared rapidly from the blood 
and was retained to a much higher degree by the accessory sex glands 
than by adrenals or muscle. Apparently a mechanism existed for the 


selective uptake of androgens by target organs. 
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The retention and subcellular distribution of radio- 
active androgens in various tissues of the rat was first examined by 
Harding and Samuels (1962). These authors reported that although the 
total radioisotope concentration in the ventral prostate of the rat 
was not much greater than that of the blood, the relative amount of 
unconjugated steroid in this organ was nearly twice that measured in 
the blood. Thus in the ventral prostate there was preferential 
incorporation from the circulation of neutral androgens rather than 
the more polar, conjugated forms. 

Harding and Samuels next examined the subcellular 
distribution of radioactive androgens under conditions in which EDTA 
(ethylene-diaminotetracetic acid) was either included in or deleted from 
the homogenizing medium. In the presence of EDTA, most of the labelled 
androgen appeared in the microsomal fraction; less than 5% of the 
radioactivity was recovered in the nuclei. This observation was 
paralleled by an EDTA stimulated shift of RNA from the nuclear to the 
microsomal fraction. In the absence of EDTA, most of the labelled 
androgen was detected in the high speed cytoplasmic supernatant 
fraction and in the nuclear fraction. 

The intracellular localization of androgens in the 
uropygial (preen) gland of the duck was studied by Wilson and Loeb 
(1965). The preen gland is an accessory sex organ which possesses the 
necessary criteria of a target tissue in that it selectively 
incorporates circulating androgens. With this biological system 


Wilson and Loeb were able to show that nuclei had a greater avidity 
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for radioactive androgens than did the ribosomes. Furthermore, 

closer examination of the nuclear fraction revealed that most of the 
radioactivity was associated with an euchromatin fraction which 
contained approximately 90% of the radioactive label but less than 10% 
of the nuclear DNA. Using cesium chloride density gradient 
centrifugation techniques, they were able to separate the DNA from a 
protein fraction which contained most of the radioactivity. From 
their work they inferred that hormone responsive tissues contain 
intranuclear proteins which bind androgens reversibly. 

The occurrence of such nuclear androgen receptors in 
the rat ventral prostate was reported by Bruchovsky and Wilson (1968b). 
After injection of radioactive testosterone into normal or functionally 
hepatectomized rats a significant amount of the radioisotope recovered 
in the ventral prostate was associated with the nuclear fraction. 
Using high molar salt extraction of nuclei, followed by gel 
filtration of nuclear extracts, they were able to demonstrate the 
presence of a macromolecular fraction which was eluted from the gels 
coincident with a peak of radioactive hormone. This radioactive 
complex was salt extractable from the nuclei at neutral or basic pH 
and was sensitive to pronase. Much of this work contradicted the 
studies by Mangan et al. (1968) who had proposed that prostatic DNA 


itself served as the source of binding sites for androgens. 
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Examination of the steroid metabolites recovered in 
these experiments revealed that dihydrotestosterone and to a lesser 
extent, testosterone, were the only androgens bound to nuclear 
receptor protein in any significant amounts. In an earlier 
publication Bruchovsky and Wilson (1968a) had reported that after an 
injection of radioactive testosterone most of the radioactivity 
recovered from rat prostate was in the form of androstanediol, 
androsterone, and dihydrotestosterone. The latter androgen was 
detected only in the prostate, seminal vesicles, preputial gland, 
kidney, and to a small extent, in the plasma. Since dihydrotestosterone 
was the predominant radioactive steroid recovered in prostate, and 
since it was also the major form of androgen bound to nuclear 
receptors, the possibility was raised that dihydrotestosterone is an 
active form of testosterone. It was suggested that the mechanism of 
action of testosterone involves, at least two reactions, namely the 
conversion of testosterone to dihydrotestosterone, and the binding of 


dihydrotestosterone to an intracellular protein receptor. 


3. Formation of Dihydrotestosterone in Androgen 
Responsive Tissues 


The finding that relatively large amounts of dihydro- 
testosterone are formed in the prostate has served as the impetus for 
a great deal of research concerning testosterone metabolism in 
peripheral tissues. Several groups have confirmed that extensive 


formation of dihydrotestosterone occurs in other secondary sexual 
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ANDROCEN METABOLISM IN THE RAT VENTRAL PROSTATE 
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tissues (Tveter and Aakvaag, 1969; Shimazaki et al., 1969; Wilson 

and Walker, 1969; Wilson and Glogna, 1971; Bardin et al., 1970). In 
many bioassay systems dihydrotestosterone has been shown to have a 
greater potency than testosterone with respect to DNA synthesis 
(Bruchovsky, 1972; Lesser and Bruchovsky, 1973; Schmidt et al., 1972) 
and RNA synthesis (Davies et al., 1972). It seemed highly pertinent 
therefore, that a number of other potent natural androgens were found 
to give rise to dihydrotestosterone in prostate. On the basis of 
this evidence it was suggested that all androgenic compounds may 
exert their action through the common formation of dihydrotestosterone 
(Bruchovsky, 1971). However, there are reasons to doubt that 
dihydrotestosterone serves as the ultimate factor in determining 
androgen action. For example, Baulieu et al. (1968), found that 
testosterone and dihydrotestosterone elicit different cytological 
effects on explants of prostate maintained in vitro. However, their 
studies did indicate that dihydrotestosterone specifically 
stimulated proliferation of target cells (Baulieu, 1970). It is not 
clear, therefore, whether testosterone functions as a circulating 
pre-hormone (i.e. it is converted to the active form, dihydrotesto- 
sterone, in peripheral target organs), or whether it plays its own 
defined role within target cells. The same question may be raised 


concerning the action of other androgens. 
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An Binding of Dihydrotestosterone in Rat Prostate 


Shortly after the discovery of intranuclear androgen 
receptors in the ventral prostate, Unhjem et al. (1969) reported that 
prostatic cytoplasm also contains proteins which bind steroid hormones. 
Cytoplasmic extracts, incubated with radioactive dihydrotestosterone, 
were spun through sucrose density gradients and the migration of 
radioactive peaks was measured. Two peaks of radioactivity were 
detected, one with a sedimentation coefficient of 9.3S, anda 
second with a coefficient of 4.5S. Confirmation of dihydrotestosterone 
binding proteins in prostatic cytoplasm was provided by others 
(Stern and Eisenfeld, 1969; Mainwaring, 1969). 

Fang et al. (1969) conducted a series of comprehensive 
in vivo and in vitro studies to characterize both the cytoplasmic and 
the nuclear binding proteins of rat prostate. Using sucrose density 
gradient centrifugation they were able to show that the dihydro- 
testosterone binds to the protein of nuclear extracts obtained after 
in vivo incubation, and that this protein migrates with a sedimentation 
coefficient of 3S. They also reported that the cytoplasmic high 
speed supernatant contains a dihydrotestosterone binding protein which 
has a sedimentation coefficient of 3.58. The binding proteins were 
found to be temperature sensitive, to have a pH optimum around 7.4, to 
possess a high degree of specificity for dihydrotestosterone, and to 


be sensitive to proteases but not to nucleases. 
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When incubations were done with minced prostate, the 
radioactive steroid protein complexes isolated from the cytosol 
(105,000 x g supernatant) or nuclear fractions had the same respective 
sedimentation coefficients as those observed in in vivo labelled extracts. 
Similar results were obtained when cytosol protein and nuclei were 
incubated together with radioactive steroid. However, if isolated 
prostatic nuclei were incubated in buffer with radioactive steroid, 
binding of steroid to nuclear protein was not observed. Upon 
replacement of the buffer with prostatic cytosol as the suspending 
medium, one could then detect a 3S nuclear steroid-protein complex. 

The latter result was also achieved if the 3.5S steroid-protein 

complex isolated from prostatic cytoplasm was incubated with unlabelled 
nuclei. They concluded that a cytoplasmic entity, presumably the 
androgen binding protein was necessary for the uptake and retention 

of dihydrotestosterone by nuclei. Furthermore they postulated that 
nuclear uptake of androgens was a result of a two step process whereby 
the hormones first are bound to a cytoplasmic receptor and then are 
transported, as part of a biomolecular complex, into the nucleus. 

Although the concept of a two step mechanism for 
the incorporation of androgens into nuclei has become the 
working hypothesis of many investigators, significant discrepancies 
exist between the results obtained by Fang et al. (1969) and those 
reported by others. Several authors (Mainwaring, 1969; Baulieu and Jung, 


1970; Jung and Baulieu, 1971) have shown that in addition to the 3.55 
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steroid-protein complex in the cytosol, an 8S species is also present. 
Moreover, two independent laboratories (Unhjem, 1970; Jung and 
Baulieu, 1971) have demonstrated that specific binding of dihydro- 
testosterone to prostatic nuclear proteins occurs in vitro even in the 
absence of added cytoplasmic factors. However, they did find that the 
endogenous levels of androgenic binding proteins in isolated nuclei 


declined as a function of the duration of castration. 


5. Binding of Androgens in Pathological Tissues 


Although the importance of the intracellular binding of 
steroids remains obscure, it is tentatively accepted that binding 
reactions play an integral role in regulating the growth of target 
tissues. It is reasonable to expect, therefore, that disorders of 
growth involving hormone responsive tissues may be associated with an 
alteration of the characteristic binding activity observed in normal 
tissue. 

Benign prostatic hypertrophy is an age dependent 
endocrine disorder in which there is a significant enlargement of the 
prostate (Ofner, 1968). Siiteri and Wilson (1970) found that the 
accumulation of dihydrotestosterone was almost five times greater in 
the prostates of patients with benign prostatic hyperplasia than in 
the prostates of normal controls. Both types of prostatic tissue 
however, had similar capacity to form dihydrotestosterone from 
testosterone. This finding suggested that increased uptake and retention 


rather than increased metabolism of testosterone is responsible for the 
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hyperplastic change. Other studies (Giorgi et al., 1971, 1972) support 
this conclusion and implicate the intracellular binding of dihydro- 
testosterone as the main factor causing the increased retention of 
steroid in benign prostatic hypertrophy. 

There is considerable evidence that hormone dependent 
tumours (i.e. tumours which regress after castration) possess specific 
sex steroid binding proteins whereas hormone independent tumours of 
secondary sexual tissue show reduced or altered steroid binding 
activity (McGuire and Julian, 1971; McGuire et al., 1972; Shyamala, 
1972). Bruchovsky and Meakin (1973) have shown that in the Shionogi 
SC-115 mouse mammary adenocarcinoma, there is a positive correlation 
between androgen dependency and cytoplasmic binding of androgens. 
Autonomous tumour lines exhibit both diminished binding and reduced 
nuclear accumulation of the steroid when compared to dependent lines. 

Another less prevalent endocrine disorder, the 
testicular feminization syndrome (Weisberg et al., 1970; Rosenfield 
etal, 1971) is also associated with abnormal levels of androgen 
binding (Gehring and Tomkins, 1971; Bullock et al., 1971; 


Bullock and Bardin, 1970; Wilson and Goldstein, 1972). 


6.... Functional Significance of Intracellular Steroid 
Binding Proteins: Hypotheses 
Since intracellular proteins which bind steroids appear 
to be essential for maintenance of hormonal control of male 


reproductive organs, the question arises as to the function of these 
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macromolecules. There are at least three possible roles that binding 
entities may fulfill (Williams-Ashman and Reddi, 1971). 

First, these proteins may be concerned with activation 
of sex hormones. Steroid hormones are small simple molecules which 
have a relatively limited chemical information content. In order to 
account for their diverse array of biochemical responses it would be 
necessary for them to be associated with a molecule of higher 
information content - such as a protein. Hence the true active form 
of the hormone could well be the specific cytoplasmic protein- 
androgen complex. 

Secondly, the binding proteins may function as 
carriers for the transport of specific androgens into the nucleus. 
Either the whole cytoplasmic androgen-protein complex enters the 
nucleus or the androgen component of the complex is transferred at the 
nuclear membrane level to another androgen binding protein that is 
restricted to the nucleus. While it is possible to imagine variations 
on this idea, the end result would be the delivery of a particular 
androgen into the nucleus. The steroids themselves could then 
elicit a series of biochemical events within the nucleus involving 
DNA synthesis, RNA synthesis or alterations in the permeability of 
the nuclear membrane. 

A third alternative is that the androgens facilitate 
the nuclear uptake of the cytoplasmic binding proteins (i.e. the 
converse of the second hypothesis). When the hormone binds to a 


specific protein in the cytoplasm, the protein undergoes an 
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alteration which facilitates its entry into the nucleus. Upon 
entering the target cell nucleus the protein itself, rather than the 
steroid, initiates the appropriate cellular response. Thus the 
steroid may operate in a permissive manner to ensure intracellular 
transport of specific proteins. 

The three possibilities outlined above are not mutually 
exclusive. It is conceivable that both the unbound and the protein 
bound steroid may influence different biochemical processes within the 
nucleus. Also, the nucleus may not be the only site at which 
androgens, either unbound or bound to proteins, influence cellular 
activity. A still further possibility does exist in which the 
intracellular binding proteins assume a negative role. These 
proteins may function to regulate the amount unbound or free steroid 
present within the cell. In this storage capacity the androphilic 
proteins would allow only a small amount of active free steroid to 


realize its biocatalytic function. 


7. Rationale and Objectives 
From the material presented in this Chapter it is 
evident that one approach to the study of the early sites and 
mechanisms of action of androgens is based on the concept that 
androgens are bound only in characteristic target organs and that 


binding is related to subsequent physiological actions of the hormone. 
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Accordingly the main objective of this work was to purify and 
characterize the protein receptors for androgens in rat prostate. 

A second principal objective was to examine the presumed function of 
these receptors in mediating the action of testosterone and 


dihydrotestosterone. 
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Footnotes 


1 : : ‘ 

The earliest preparation and therapeutic usage of androgens and 
estrogens dates back to the medieval Chinese alchemists. Modern 
sex hormone endocrinology has its roots in the work of Ascheim 


and Zondek (Williams-Ashman and Reddi, 1971). 


-rhe trivial names used are testosterone, Rt ahd Stent 7 pn 241 one: 
dihydrotestosterone, 5a-androstan-17f8-ol-3-one; androstanediol, 
5a-androstan-3a, 178-diol; estradiol, 1,3,5 (10)-estratrien-3, 
178-diol; epitestosterone, A isamer oat onsite odes ones androsterone, 
5a-androstan-3a-o0l-17-one; androstenedione, fan erostenee snl diene: 
androstanedione, 5a-androstane-3,17-dione; cyproterone acetate, 

1, Jo-nethy levewsechions sae Sater eduens 3,20-dione, 1/78-acetate; 
estrone, 1,3,5 (10)-estratrien-3-o0l-17-one; estriol, 1,3,5 (10)- 


estratrien-3,l6a, 178-triol. 
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CHAPTER IL 


MATERIALS AND METHODS 


Re Introduction 


This chapter is a comprehensive survey of methods for 
the isolation of subcellular fractions and the recovery of 
associated intracellular receptor molecules. In each of the following 
chapters a "Materials and Methods" section is included which summarizes 


the procedures used in connection with the work that is described. 


Bi Materials 


1. Buffers and Related Solutions 


The principal buffers used in the isolation and 
incubation of tissue fractions are listed in Table 2.1. The 
titration of the Tris-EDTA buffer (Richardson, 1966) to pH 7.0 with 12 N 
HCl was done at room temperature with a Radiometer (Copenhagen, 
Denmark) pH meter. All solutions were prepared in one liter or greater 


quantities jiand stored in a cold room at 4° C. 


2. |Chemicals 


General laboratory chemicals and reagents were purchased 
from Fisher Scientific Co. (Montreal, Quebec). Ultra-pure sucrose was 
obtained from Schwarz/Mann (Orangeburg, New York). Non-radioactive 


steroids were purchased from Steraloids, Inc. (Pawling, New York) 
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except cyproterone acetate which was a gift from the Schering 
Corporation (Bloomfield, New Jersey). Bovine serum albumin and calf 


thymus DNA were obtained from Sigma (St. Louis, Missouri). 


3. Balances 


Three types of balances were used to determine the 
weight of materials. The Mettler P1200N balance was used for 
samples that weighed more than 500 mg. Samples weighing between 5 and 
500 mg were measured with the Mettler H10Tw balance. And finally, 


the Mettler Micro Gram balance was used to determine the weight of 


very small amounts of materials («<5 mg). 
Ct Preparation of Tissue Extracts 


1. Experimental Animals 


Mate rats of the Wistar strain were purchased from 
Woodlyn Laboratories, (Guelph, Ontario). The rats were housed in the 
Animal Center of the Clinical Sciences Building where they were 
maintained on a diet of Rockland Rat Chow and water ad libitum. 

Animals weighing 250 to 300 g were routinely used. 
Castration was performed through a scrotal incision while the rats 
were under ether anesthesia. The castrated rats used in in vivo 
experiments were eviscerated and functionally hepatectomized (Hotta 
and Chaikoff, 1955) immediately prior to the intravenous 
administration of radioactive steroid. At the appropriate time, 


the animals were killed by decapitation. 
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2K Homogenization of Tissue 


The procedures employed for the homogenization of 
prostatic tissue, and subsequent isolation of nuclei, were based on the 
methods described by Bruchovsky and Wilson (1968a). Immediately 
after the experimental animals were sacrificed, their ventral 
prostates were dissected free of enveloping capsular tissue and 
placed in a beaker on ice. All further preparative procedures were 
Garriedsout, at .Otor4 ic. 

The prostates were weighed, and then chopped with a 
TC-2 Sorvall tissue slicer (Allied Scientific Co., Scarborough, 
Ontario). Examination of the tissue under the light microscope 
(American Optical Corp., Buffalo, New York) after this process 
revealed ere clumps of intact cells and small pieces of fibrous 
tissue. In order to remove contaminating serum and prostatic secretion 
from the preparation, the tissue mince was suspended in 5 ml of 0.25 M 
sucrose solution and then pelleted at 800 x g for 15 min in a 
Sorvall RC2-B Superspeed refrigerated centrifuge (SS-34 rotor, 

Saupe 5.4 cm). The washed pulp was resuspended in 7 to 10 ml of 0.25 
sucrose and transferred to a Dounce homogenizer (Kontes Glass Co., 
Vineland, New Jersey). The cells were ruptured by 25 strokes with a 
loosely fitting plunger and filtered through two layers of gauze. 
After a further 15 strokes with the tightly fitting glass plunger, the 
crude homogenate was centrifuged at 800 x g for 15 min in the Sorvall 


centrifuge. The resultant supernatant constituted the ''crude 
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cytoplasmic fraction", and 800 x g pellet was designated the "crude 


nuclear. fraction’: 


3. Preparation of Cytosol Protein 


Cytosol was prepared from the 800 x g supernatant 
through further centrifugation at 10,000 x g for 20 min in a Sorvall 


centrifuge and then at 105,000 x g for 120 min (SW41 rotor, ae 


ve’ 
10.78 cm) in a Beckman-Spinco L2-65B preparative ultracentrifuge. 

The final supernatant was processed according to the requirements 

of the particular experiment. In many instances, the cytosol 

fraction was brought to 80% saturation with ammonium sulphate (v/v) by 
stepwise addition of ammoniumsulphate crystals over a period of 1 hr 
with the temperature controlled at 4° C. Precipitated protein was 


collected by centrifugation at 17,000 x g for 20 min in a Sorvall 


centrifuge and dissolved in 1 ml of Tris-EDTA buffer, pH 7.0. 


4.” Isolation of Prostatic Nuclei 


Purification of prostatic nuclei was accomplished by 
centrifugation through a discontinuous sucrose gradient. The crude 
nuclear pellet was first suspended in 0.88 M sucrose solution (25 ml 
per tube) and then gently layered over a discontinuous sucrose 
gradient consisting of 5 ml of 1.8 M sucrose and 5 ml of 2.2 M 
sucrose. The tubes were centrifuged at 53,000 x g for 90 min (SW27 
retor: t Ges 11.56 cm) in a Beckman-Spinco ultracentrifuge. On 


completion of centrifugation, the nuclear pellet was suspended in 
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Tris-EDTA buffer, containing 50 mM NaCl. Aliquots were taken for 
counting of nuclei and, where applicable, for measurement of radio- 
activity. The nuclei were stained with a few drops of methylene blue 
(1% w/v) and then counted at least twice under the light microscope 
using a haemocytometer (American Optical Corp., Buffalo, New York). 
Nuclei were considered sufficiently pure for further experimentation 
if fewer than 5% of them had visible cytoplasmic tags. In later 
experiments it was found that the presence of less than 1% 
androstandiol in this fraction could also be used as a criterion of 
nuclear purity. Nuclear preparations that did not meet these 
requirements were either discarded or were respun through sucrose 


gradients. 


is Preparation of Nuclear Extracts 


The isolation of a chromatin fraction from Sue en 
nuclei was accomplished by sonication and extraction with a salt 
solution of high molarity. The prostatic nuclei were first 
suspended in an hypotonic salt solution (Tris-EDTA buffer, pH 7.0, 
with 0.05 M NaCl) and then allowed to swell for 10 min. Following this 
period, the nuclei were ruptured with a Bronwill Biosonik III 
(Bronwill Scientific, Rochester, New York) sonicator at a setting of 
50 with 5/16" probe (yellow code). Four 5 second pulses were 
adequate to disrupt the nuclei. An equal volume of 1.15 M NaCl 
(in Tris-EDTA buffer, pH 7.0) solution was added to the sonicated 


nuclear fraction, giving a final NaCl concentration of 0.6 M. After 
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30 min in the cold, the solution was sedimented in a Sorvall 

centrifuge at 17,000 x g for 20 min. The supernatant was withdrawn with 
a Pasteur pipet and the pellet was re-extracted with a small amount of 
0.6 M NaCl solution. When radioactive nuclear samples were used, the 
extraction procedure was repeated until at least 90% of the radio- 
isotope was present in the supernatant; in general, this was 

achieved with two extractions. The supernatants obtained from 

repeated salt extractions were pooled. The final sample thus obtained 


is referred to as the "nuclear extract". 


D. Column Chromatography 


1. Preparation of Sephadex Gels 


Sephadex G-200 and coarse Sephadex G-25 (Pharmacia Fine 
Chemicals, Montreal, Quebec) were prepared according to the 
instructions oes ee by the manufacturer. The Sephadex powder was 
added slowly to a large beaker of distilled water and was 
occasionally stirred with a glass rod. After all the dry material 
had been immersed in water, the beaker was covered with parafilm and 
the slurry was allowed to swell for 3 to 5 days at room temperature. 


Fines were removed from the swollen gel immediately prior to use. 


2. Preparation of Sephadex G-25 Columns 
Glass columns for Sephadex G-25 chromatography were 
manufactured by the University of Alberta Technical Services. Before 


the columns were packed with gel, they were silanized by immersion for 
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one hour in a solution containing dimethyldichlorosilane in toluene 
(10% v/v). Following this, they were rinsed with toluene and washed 
with methanol. This procedure successfully prevented the adhesion of 
extraneous material to the column walls. 

The packing of Sephadex G-25 into columns was 
performed at ambient temperature in order to prevent the formation of 
air bubbles. A small piece of silanized glass wool was first placed 
in the tapered end of the column which was closed off with a small 
section of polyethylene tubing. The column was next partially filled 
with water and a small amount of slurry. As the gel particles 
settled under gravity, water was removed from the upper portion of the 
column and more gel was added. This cycle was repeated until the gel 
matrix had attained a specific bed volume height. The packed columns 
were then removed to the cold room where they were equilibrated under 


gravity with an appropriate buffer solution. 


3. Gel Filtration with Sephadex G-25 

After the columns had been equilibrated with 300 to 400 
ml of buffer, suitable cytoplasmic or nuclear extracts were applied. 
Samples (0.5 to 1.5 ml) were gently layered onto the gel and allowed 
to enter the Sephadex under gravity. The surface of the gel was then 
washed with 2 to 3 ml of buffer to ensure passage of all the sample 
into the gel bed. Following this, the column was connected to a buffer 
reservoir and the flow rate was adjusted to 1.8 to 2 ml per min. The 


eluted fractions were collected either manually or with a Brinkmann 


i vil tema 


eneulot rub ona Lkeoroldoth it Te 
badeaw bas ensuing: dabw baba Ate edt 
zo notasdbs ert: hoddaverq vite anes ! 
- ~ 
saw enmulos oanl ae a ‘i 
to oeteaeds ada insvatg oF rato at ouuseroo | 
boosig texit saw Loow easlg b bostamiite ‘a Sah awe A 


\“Pisoe & Hdbe te bozols ew doy amon wale ee bos i 


~ oe 


peflt? viletsusq Ixem easy imnitBod ssl “4 at 


5. Se, 


gistiveq Leg off eA .yitede fo sos ffsma & aa ee dake 


bos a 


oda to nobtzog seqqu acid atu bevonss enw rete ives ademuedl 
lag srt trom botasast BBW aloya) abet -bsbbs. paiva “= v 
entalos bstosq sit digiod, omuLov bed oaks & ben Peete? y= 
rabnu betstdilisps etew weds. ound ac Bios ai 2 avon 


‘ae 


-nokaudoe’ sae 8 pis 


bet lage ous exons seoSoun 10 >. 


bowolis- ‘bas al ois osn6 Bovayal 


25 


Linear II fraction collector (Brinkman Instruments, Rexdale, Ont.). 
The fraction of interest was the void volume (Vv) which contained the 
protein-androgen complexes. Detection of the position of this 
fraction was accomplished by one of the following methods. 

(i) The location of the radioactive peak associated with the void 
volume could be found by measuring the cpm of small aliquots from 
each fraction. (ii) The 280 my absorbing material in the Vo could be 
monitored with an Isco Model UA2 ultraviolet analyzer (Allied 
Scientific Co., Scarborough, Ont.). (iii) The progress of the 
macromolecule fraction through the column could be detected visually 
when Blue Dextran 2000 (Pharmacia) was mixed with the sample just 
prior to chromatography. After the appropriate fractions had been 


collected, they were assayed for protein and radioactivity. 


4, Gel Filtration with Sephadex G-200 


The method for packing a Sephadex G-200 column was 
identical to that described for Sephadex G-25. However, in the case 
of the former, the gel bed (1 cm x 90 cm) filled the entire column 
(Glenco Precision Bore, O.H. Johns, Toronto, Ontario). The Sephadex 
G-200 column was equilibrated with buffer in an upward direction at 
4° C using an LKB Type 4912A peristaltic pump (LKB, Uppsala, Sweden). 

The apparatus used for applying a sample to the column 
consisted of a 5 cc disposable syringe (Standard Hospital Supply Ltd., 
Edmonton, Alberta), an 18 gauge needle, and a section of polyethylene 


tubing which was connected toone aperture of a 3 way stopcock at the 
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lower end of the column. The sample, usually less than 1.5 ml, was 
inserted into the syringe and was allowed to enter the polyethylene 
tubing under gravity. 3 ml of the appropriate buffer was then 
placed in the syringe to ensure sufficient pressure to force the 
sample along the tubing and eventually into the bottom of the column. 
When the flow of fluid through the sample applicator apparatus had 
stopped, the stopcock was turned to permit. entry of buffer from a 
reservoir. The part tate 18 pump was switched on and the elution of 
proteins was done in an upward direction with a flow rate of 8 to 10 
ml per hr. After a fixed number of tubes were collected, the fraction 
collector (Ultro Rac LKB 7000) activated automatic shut down of the 
system. Aliquots from the collected fractions were taken for the 


measurement of radioactivity and protein. 


5. Preparation of Cellulose Phosphate 


Whatman P1l cellulose phosphate (W & R Balson, England) 
was prepared by first stirring 100 g of dry fiber with 1000 ml of 0.5 N 
NaOH for 30 min at room temperature. The cellulose phosphate was then 
transferred to a Buchner funnel where the NaOH was removed by gentle 
suction. Repeated washings with distilled water were used to reduce 
the pH of the suspension to 8, and then the cellulose phosphate was 
resuspended in 1000 ml of 0.5 N HCl. The mixture was stirred for 30 
min and washed as before with distilled water until the pH was 4. 
After this step, the acidic cellulose phosphate was suspended in 500 ml 


of Tris-EDTA buffer, pH 7.0, stirred for 15 min and then titrated to 
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pH 7.0 with 6 N KOH over a period of 6 hours at room temperature. 
Columns (Pharmacia), 1 cm x 15 cm, prepared from this material were 


equilibrated at 4° C with 300 ml of Tris-EDTA buffer, pH 7.0. 


6. Cellulose Phosphate Chromatography 


Samples, from which excess salt had been removed by 
passage through ear adee G-25 columns were layered on top of the ion 
exchange material and then allowed to permeate the column bed under 
gravity. Following sample application, the columns were washed with 
20to 25 ml of Tris-EDTA buffer, pH 7.0. Proteins were then eluted 


at a flow rate of 0.4 ml per min with a linear ionic gradient 


consisting of 0 to 0.8 M NaCl in Tris-EDTA buffer, pH 7.0. The protein 


and radioactive content of each 4.2 ml fraction collected were 


determined. 


Ei: Identification of Steroids from Tissue Extracts 


1. The Extraction of Steroids from Aqueous Solutions 


The extraction of steroids from aqueous solutions was 
accomplished by an adaptation (Bruchovsky and Wilson, 1968a; 
Bruchovsky, 1972) of the method described by Folch et al. (1957). 
Aliquots from tissue fractions were agitated manually in five 
volumes of chloroform-methanol (2:1, v/v) and then centrifuged at 
1000 x g for 10 min in a MSE Multex Centrifuge (0.H. Johns 
Scientific, Toronto) at room temperature. The upper aqueous phase was 


removed and the lower phase was shaken with an equal volume of upper 
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phase solvent (chloroform-methanol-water, 3:48:47 by vol.). Following 
centrifugation, the upper phase was again removed and the extraction 
was repeated one more time. The resultant lower phase was passed 
through a teflon Millipore filter (Millipore Ltd., Montreal, Quebec) 
with a 5 micron pore size. The filtrate was taken to dryness under 
nitrogen and resuspended in a small volume of chloroform. Portions of 


the sample were taken for analysis by thin layer chromatography. 


yA i Ye ok Layer Chromatography 


The identification of steroids was accomplished by thin 
layer chromatography using an aqueous suspension of either silica gel H 
(Merck, Brinkmann, Instruments, Toronto) (30 g 172 ml) or aluminum 
oxide, neutral, Type T (Brinkman) (30 g 142 ml). Glass plates (20 cm x 
20 cm) were coated with a 250 mu layer of the material, and activated 
at 100° C in Fisher Isotemp oven (Fisher Scientific) for 1 hour. 

Separation of androstandiol, testosterone, androsterone, 
dihydrotestosterone, androstanedione, and androstenedione was 
achieved by two upward developments of alumina oxide plates in 
cyclohexane-ethyl acetate - acetic acid (60:40:00.1 by vol.). Good 
resolution of 178-estradiol, estriol and estrone was possible on silica 
gel plates after one development in benzene-ethanol (8:2 v/v). 
Appropriate unlabelled standards (25 ug of each compound) were 
added to the radioactive tissue extracts to ensure detection of each 


spot. 


Ly eee @ rie Peon ae iw Ont” i - 
ror yy ob ee 

oy i in| | yi vv Ce 
an t + ee 


ve 


gakwolto® co fou yd Tar Base, erode Sons aa 3 
“noktostise ons bias hovosien skaga saw eens: 
bseseq, eaw ennitt, aswos ape oer st won sa 


to enoldaxe! .mrotozoiis to agedov Uisde a ok 


Wesrgotatords xowel BEE EC oles stew 


nida yd bedeliqmooss asw ebtotsde to aided m 
H Isp sotlibe redpho io solengqeue euosupe ae poten. 4 

auntouls.xro (io SV1 9, 08) (osaqnet erometyanl 

x ato Of) estate eagid . Cin SAL @ 98) (esigphe a) T aqyt 4k 

betevitos brs ,[sitstem 9q3\¥o' teyed am oas PB daiw hezsos 

tent I 20} (otikiuaise rasded'2) novo. qmgcond sstiets 
" to nofasxsqse 
Baw seokbenesaczba brs. amnanreenii “9 


ink ansaty Sbixo: alate Ton 


,audtsteothne .oaoredeeiess Lonbiese 


was a? oes 
i 5 


bbao. Clow bc EGs Oh: 0a) bios o8daoe a siesoan ty 
sotihe no otdtesca saw snctse bos totes fothersesnatt rea 
Gi\y S38) Korart— asec ed saat an wt reste 2 

stow (oauoigne> dasa eau 28) 

Hose to nokioexeb sree oa eaoerazs 


took, ae 


Following chromatography, the plates were dried and 
sprayed with a 0.01% solution of morin in methanol (w/v) and then 
examined under ultraviolet light. The location of each standard was 
noted and the plate was divided into horizontal bands which were then 
scraped into counting vials. One ml of methanol together with 10 ml 
of 0.4% diphenyloxazole in toluene (w/v) were added to the vials and 
the samples were measured for radioactivity. The validity of the 
above technique for determining androgen and estrogen metabolites of 
the rat prostate has been demonstrated using gas-liquid chromatography 


and recrystallization techniques (Bruchovsky, 1971; 1972). 
Fy Measurement of Protein and DNA 


1. Protein Determinations 


‘Protein was measured by a color reaction (Lowry et al., 
1951) and by differential ultraviolet absorption (Layne, 1957). 
Samples assayed by the Lowry method were diluted to a final volume of 
1 ml with distilled water. Suitable blanks and protein standards 
(5 to 50 ug of bovine serum albumin) were prepared which had an 
identical concentration of buffer and other small molecules to that 
present in the unknown samples. Each reaction vessel received 5 ml of a 
solution containing 0.01% CuSO) *5 HAO, 0.02% sodium tartrate, and 2% 
Na,C0, in 0.1 N NaOH, and was allowed to stand for 10 min at room 
temperature. Next, 0.5 ml of 1 N Folin reagent were added to the 


samples, which were then placed in a 37° C water bath for 30 min. At 


the end of this incubation, the absorption of each sample at 500 nm 
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was determined using a Bausch and Lomb Spectronic 20 (Rochester, 

New York). By plotting absorption against the protein concentration 
of the standards, it was possible to interpolate the amount of 
protein in the unknown samples. 

Although the Lowry method provided relatively accurate 
quantitation of protein concentrations, it was, however, time 
consuming and required the construction of a standard curve for each 
set of data. Because of this inconvenience a somewhat similar 
technique was adopted that permitted the protein assay of several 
samples in a short time. This procedure involved reading the optical 
density of samples at 260 and 280 nm against appropriate blanks on the 
Zeiss PMQ spectrophotometer (Carl Zeiss Canada Ltd., Don Mills, 
Ontario). The values at each wavelength were recorded and applied to 
a formula described by Layne (1957) (see Appendix). This method for 
determining protein concentration was used only with fractions 


eluted from cellulose phosphate and Sephadex G-200. 


2. DNA Determinations 


The preparation of DNA containing samples was done 
according to standard procedures (Maggio et al., 1963). DNA was 
measured by the diphenylamine method (Schneider, 1957) with calf 
thymus DNA as a reference standard. After development of the colour 
reaction, the optical density of the samples was determined at 600 nm 
with a Spectronic 20. A standard curve was constructed and from this, 
an estimate of the amount of DNA present in each of the biological 


extracts was obtained. 
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G. Measurement of Radioactivity 


1. Radioactive Materials 


[lp2o°Mlrseruacevone (5 mCi/.032 mg), feo 
dihydrotestosterone (1 mCi/6.0 ug), and [eure Hit 7e-eetradiol 
(5 mCi/0.029 mg) were purchased from New England Nuclear (Boston, 
Mass.). Purity was checked by thin layer, gas liquid and liquid 
chromatography. The steroids were considered acceptable only when 
the purity exceeded 90%. Solutions for intravenous injections were 
prepared as follows: to each 150 yCi of radioactive steroid in 
ethanol—benzene solution was added 15 ug of 5% polyoxyethylene 
sorbitan monopalmitate, and the solution was dried under nitrogen. 
The dry preparation was then dissolved in a suitable amount of 
distilled water containing 5% ethanol. Each rat was injected with 


ZOU Wh OF such a solution. 


ae Liquid Scintillation Counting 


Liquid scintillation counting was carried out with 
either a diphenyloxazole-toluene solution (4 g of diphenyloxazole 
per liter of toluene) for non aqueous samples or a Bio-solv- 
cocktail (6 g of diphenyloxazole; 1 liter of toluene; 75 ml water and 
116 g of BBS-3 (Beckman Instruments) for aqueous samples. Samples 
were deposited in glass vials (Value Vials, Beckman Instruments) , 
and the radioactivity was measured in a Beckman LS-250 automatic 
liquid scintillation system. External standardization was used to 


correct for quench when necessary. Otherwise the efficiency of 
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tritium detection was usually about 50% in the diphenyloxazole- 


toluene solution and 35% in the Bio-Solv solution. 


a2 


We 


ee | wr 
ff wi a a mene, 


i“ Ab om); Veena 


iM 


: 1G ie 1 a ee en wis aa 
oy \\e oof ive ioosieive § Hi 
‘i aad ty é am, 
vi Hy . _ 7 


9 : i] 
eine SDS o8ehh ss ww 
‘ er _ bea 


i : 
; ie 1 i _ , an wae J a 7 
- 4 a 
7 re a eee y any ani a Veet es ew 
¥ | es 
ek 
7 : TF to a } io or aa ¥ ; or 7 ais ii 1% 


hy ep co Z Ley | fie) Af alt ifs 
es & by Sau ae ‘as a ih = pil 
eer: ah 9 (ey) le: PCa caene 
vee i. - lode . ket 


+ lapalialet <A enpraute Maslin 2 


CHAPTER III 


IN VITRO BINDING STUDIES 


Al, Introduction 


The interaction of male sex hormones with cellular 
receptors has been the subject of intense study (Williams-Ashman and 
Reddi, 1971) but surprisingly little information is available on the 
comparative binding parameters of the principal androgens, 
testosterone and dihydrotestosterone. While it is generally assumed 
that the cytosol receptor sites for testosterone and dihydrotesto- 
sterone are the same, it remains possible that the observed 
variation in binding activity of the two hormones (Fang et al., 1969) 
results from the presence of distinct receptor sites for each 
hormone. Since such knowledge is of potential importance in the 
interpretation of binding data, experiments were undertaken to obtain 
detailed measurements of the reaction of these hormones with receptors 


in prostatic cytoplasm and nuclei in vitro. 


Be Materials and Methods 


1... Conditions for Routine, In Vitro Incubations 


Cytosol and nuclear fractions were isolated from 
prostatic tissue as described in Chapter II. For the measurement of 
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hormone binding to nuclear receptors, approximately 1 to 2 x 10 
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nuclei were suspended in 1 ml of Tris-EDTA buffer (pH 7.0) with 50 mM 
NaCl, containing either [1,2-3H] testosterone or enn, eee 
testosterone. To facilitate solution of high concentrations of 
androgens in aqueous media, a maximum of 2% ethanol (v/v) was mixed 
with the buffer in some experiments. No adverse effects on binding 
were noted in control experiments with this quantity of ethanol. 


In vitro incubations were routinely carried out at 25° C for 90 min 


in a Dubnoff shaking water bath (Precision Scientific, Chicago, I11l.). 


Cytosol samples (105,000 x g cytoplasmic supernatant) 
were also incubated with radioactive steroids at 25° C for 90 min. 
Approximately 500 ug of cytosol protein in 0.25 M sucrose solution 
was mixed with Tris-EDTA buffer, pH 7.0, containing We anccosen and 


the final volume was adjusted to 1 ml with buffer. 


2. Measurement of Steroid Binding 


Following the incubation period nuclei were sonicated 
and extracted with Tris-EDTA buffer, pH 7.0, containing 0.6 M NaCl. 
The nuclear extract was then applied to a Sephadex G-25 column 
(1 cm x 40 cm) and eluted at a flow rate of 1.8 to 2.0 ml per min 
with either 0.6 M NaCl in Tris-EDTA buffer, pH 7.0, or buffer with 
no added salt. Cytosol samples were chromatographed nos identical 
conditions. In each case, the radioactivity and protein in the void 


volume fraction of the columns were measured. 
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3. In Vitro Incubations with Enzymes 


Deoxyribonuclease I (bovine pancreatic) (Mann), 
ribonuclease Type III-A (bovine pancreatic) (Mann) and pronase, 
B grade, (Sigma) were added to incubation mixtures to test the 
sensitivity of the binding complexes. The conditions are 


described in the text. 
CG. Results 


1. Establishment of Conditions for Steroid Binding In Vitro 


Many of the techniques available for the measurement 
of the binding of radioactive ligand to macromolecules are either time 
consuming (e.g. density-gradient centrifugation and equilibrium 
dialysis) or lack sufficient accuracy (e.g. charcoal adsorption) for 
precise quantitative studies. Gel filtration procedures, however, 
provide a relatively rapid and yet accurate evaluation of such 
interactions (Wood and Cooper, 1970). Sephadex G-25 columns have been 
used to measure steroid binding in rat prostate (Bruchovsky and 
Wilson, 1968b), and recently gel filtration with Sephadex G-25 has 
been shown to be a superior method for the quantitation of steroid 
hormone interactions with proteins (Jungblut et al., 1972). 

When prostatic protein extracts are incubated with 
= androgen and then run on a Sephadex G-25 column one observes a 
profile of radioactivity as shown in Fig. 3.1. The first peak of 


radioactivity (the void volume fraction) contains the receptor 
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Fig. 3.1. Separation on Sephadex G-25 of l1,2-°H] dihydro- 
testosterone into bound and free fractions. 
Approximately 500 ug of cytosol protein were 


eM tin niediaevara- 


incubated with 2.5 x 10. 
testosterone for 90 min at 25° C and then 
applied to a 1 cm x 40 cm Sephadex column. 
Fractions of 2 ml were eluted with Tris-EDTA 


buffer, pH 7.0, and the radioactivity in each 


was measured. 
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proteins, whereas the second peak corresponds to the elution volume 
observed when free "Heendrogen is passed through the colum. 
Accordingly, it was possible to measure the amount of radioactive 
steroid bound to proteins by sampling the void volume fraction 
obtained after gel filtration of cellular extracts. 

During the initial phases of this work, the effects 
of incubation temperature and elution buffer were studied. Nuclei 
and cytosol proteins were incubated with radioactive testosterone 
or dihydrotestosterone for 90 min at 4, 25, and 37° C (Table 3.1). 
Following incubations nuclear and cytosol extracts were prepared 
and then chromatographed on columns of Sephadex G-25 using the 
appropriate elution buffer. Although binding of androgen could be 
demonstrated at 4° C, maximal binding was achieved at higher 
temperatures. No appreciable difference was noted in the binding at 
25° or 37°, but because of the instability of in vivo binding at 37° C 
(Bruchovsky and Wilson, 1968b), the lower temperature was considered 
more suitable for in vitro studies. The presence of 0.6 M NaCl in 
the elution buffer used during gel-filtration had no discernible 
effect upon the amount of radioisotope bound to receptors. 


Maximum binding was achieved during incubation periods of 60 to 90 min. 


2. Effects of Column Length 


After the determination of appropriate incubation 
conditions, experiments were conducted in order to estimate the 


amount of "on-column" dissociation that occurs when steroid-receptor 
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TABLE 3.1 


THE EFFECTS OF INCUBATION TEMPERATURE AND ELUTION BUFFER 


ON INTRACELLULAR BINDING OF ANDROGENS 


Testosterone Dihydrotestosterone 

SS CYTO NUC CYTO NUC 
(M) CCD by, 
(dpm/mg Protein x 10 °) 

4 Z e 4 i e 4 3 0 S 3 3 

0.0 25 eC) es) Spas: 4.6 

37 ce ee Veo 506 5.0 

4 Dat dS 3.6 Siew 
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Nuclei and cytosol proteins were incubated with 4 x ioe M of 

either ioc idinvdroucetosearene ohg [1,2-"H]testosterone ata: 

25° or 37°C for 90 min. Duplicate samples of the appropriate extracts 
were run on Sephadex G-25 columns in which the eluant consisted of 
Tris-EDTA buffer, pH 7.0, or Tris-EDTA buffer, pH 7.0, containing 0.6 M 
NaCl. The radioactivity and protein content in the void volume 
fraction of each column was determined. Each value represents the 


mean of two or more experiments. 


SOWAUE MOTTOIT OMA aAUTA 
2IEOONTHA TO. OM 


eroxateosasdorbydid 
cum = OTYD 


ar x mieterd 


ef Q.£ | oi) haa ae ee a 
a. Sr eS a Si 
. , 4 ¥ ~ a + a ae AGE 

0.8 8.2 | Ce Wo ele 
ae ™ . ite I me i, i rm *! 


oo 
Sipoied a 
4 


4s : i : + b 
pith | Ce eer a sti 
va &.€ ‘ ae: is Ie eo: ry ) 

: Shi “m 8 


to beselanog pn ais apn ie 310m 
M20 gninkssaes (0.1 He teiaud ated 


be) 
i ty 
fo 
, { Al 
17 
t 
iin a 
n é 
. 
a 
4 : 
é ¢ - y " 7 4 
: f a ; 
er, rH , vet \ ( # 
BT pt we; , Ce 
EN i | Pa + 


peri alata ce icon beg ey ign wei 
ao ” eine nah mt. Joanie ad? ,.8. : ae 
E os seu buat hl soenmanesneslt-s I) 


boduls eisw etoer3x9 rep ain 20.0, Hq. sper wisi 
sp aatas 2OV8 He eteihy q ATai-ek ve bia cttw 


| by : 5 an i ) nel 7% 20 ae 0 sl eM 4.0 
| ie ToL: Pr “em MN” Sor x 2 bon: one [ Magoibas.. 
ra = i 


owa 30 naom od3 einsllesqss Jntog det -(0) a 


aah 


: ’ 


| ennst ple! yiteu: tele soi 
‘ inane nay ‘ ue Per eee Ce ee nah 
| 
: Prorelnine a ifug te Ge ee i anit : it i a a 
7 | iat aan? ii esapyiens aviv 4 daa? ike bah apres " | - Ar 
: agosto tat an ts diate wyice'ts ety? Le TE hier ai 


Se 


<a 


oe 


oi cals 
= ee 


aig 


Fig. 3.2. The effects of column size on the recovery of 
[1 2-3Hj ree ton teens and [1,2--H]dihydrotestosterone 
bound to cytosol and nuclear proteins. The 
appropriate subcellular fractions from intact rats 
were incubated at 25°C for 90 min with leah 
dihydrotestosterone or [1,2-3H]testosterone and 
then analyzed for protein binding on Sephadex G-25 
columns of lengths 25, 40, and 100 cm. In cytosol 
experiments the columns were eluted with Tris- 
EDTA buffer, pH 7.0; nuclear extracts were eluted 
with the Tris-EDTA buffer, pH 7.0, containing 


0.6 M NaCl. The concentration of radioactive 


8 8 


androgen was either 5x10. M (m) or2x4l10 M 
(O). Each point represents the mean of two 
experiments. Radioactivity recovered: Panels 

A and B, dihydrotestosterone bound to cytosol 

and nuclear extracts respectively; panels C and 


D, testosterone bound to cytosol and nuclear 


extracts respectively. 
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complexes are passed through Sephadex columns. Nuclei and cytosol 
protein were incubated at 25° for 90 min with oe ieee toeeerone 

Or ie 2 on laibd not ceeoscavore at concentrations of 2 x ane M and 

De tO M. The labelled extracts were then applied to Sephadex 

G-25 columns of dimensions 1 cm x 25 cm, 1 cm x 40 cm, and 

1 cm x 100 cm, and subsequently analyzed for steroid binding. The 
results shown in Fig. 3.2 indicate that the amount of P aeaerodd 
recovered in the void volume fraction varies inversely as a function 
of column height. Since this relationship is linear, it was possible 
to extrapolate the recovery to zero column height and hence obtain a 
more accurate estimate of the binding reaction at equilibrium. The 
calculation of a correction factor for on-column dissociation was 
done relative to the 1 cm x 40 cm Sephadex column, as this size was 
most frequently used in gel filtration experiments. The binding of 
dihydrotestosterone to cytosol and nuclear receptors was 
underestimated with these columns by approximately 14 and 18 per cent 
respectively. Similarly, the levels of testosterone recovered in the 
void volume fraction of 1 cm x 40 cm columns after nuclear or 

cytosol experiments was 19 to 22 per cent less than that estimated 
for zero column height. The application of these correction 

factors to the raw binding data is only permissible if the rate of 
dissociation during gel filtration is constant at all steroid 
concentrations. Since extrapolation to zero column height at two 
different hormone concentrations indicated similar rates of on-column 


dissociation, such an assumption appears valid, as any differences 
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are probably less than the inherent experimental error. An 
adaptation of this procedure has recently been described by 
Godefroi and Brooks (1973), and their results confirm the validity 


' 


of correcting for "on-column" dissociation in the manner described 


in this section. 


3. Determination of Association Constants 


Experiments were next performed to determine the 
affinity constants for the binding of androgens to receptors. 
Cytosol preparations from normal rats were incubated with varying 


concentrations of radioactive testosterone and dihydrotestosterone 


for 90 min at 25° C, and then the amount of radioactive hormone bound 


to protein was determined by gel filtration on Sephadex G-25. 
Purified nuclei were also incubated with varying concentrations of 
tritiated testosterone and dihydrotestosterone for 90 min at 25° C. 
Following incubation, the nuclei were washed in Tris-EDTA buffer, 
pH 7.0, and extracted with Tris-EDTA buffer, pH 7.0, containing 
0.6 MNaCl. The amount of protein-bound hormone in the nuclear 
extract was measured via gel filtration. As can be seen from the 
results shown in Fig. 3.3 it was not possible to saturate the 
cytosol receptor sites for either fin 22 Hi testosterone or eee 
dihydrotestosterone in the concentration range up to hone M. Even 
when the concentration was increased to 7 x 107 M the linear 
relationship was maintained. Conversely, the nuclear binding of 


file a | testasmecone and [1,2--H]dihydrotestosterone reached an 
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Pigheo.5. eo -bineingmo ii S-altestdaterone and fino= ale 
dihydrotestosterone in vitro. Prostatic tissue 
from 5 to 10 normal rats was homogenized in 
0.25 M sucrose with a ball-type Dounce 
homogenizer. The crude homogenate was then 
separated into nuclear and cytosol fractions 
by the centrifugation steps TENA in 
Chapter II. Approximately 1.0 x 107 nuclei 
or 500 yg cytosol protein were incubated at 
25° C for 90 min-in one ml of Tris-EDTA buffer, 
pH 7.0 containing various concentrations of 
radioactive steroid as shown. Following the 
incubation period, nuclei were sonicated and 
extracted with Tris-EDTA buffer, pH 7.0 
containing 0.6 M NaCl. The amount of bound 
hormone was determined by gel-filtration on 
Sephadex G-25. Panel A, binding of ee aie 
testosterone; panel B, binding of fi Qe one 
dihydrotestosterone. @—--—_—®" ‘cytosol; 


O————_O _ nuclei. 
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apparent plateau at approximately 5 x VOae M. Thus the binding 


reactions for both hormones exhibited qualitative similarities. 
Scatchard plots (Scatchard, 1949) of the nuclear 
binding data, shown in Fig. 3.4, yielded estimates of the 
association constant (Ka) for testosterone and dihydrotestosterone. 
The values obtained were 1.1 x 10/ te and-3.5 x 10/ Mies 
respectively, which suggested that the binding of each compound to 
chromatin protein was highly specific. Moreover, it was calculated 
that there were 1700 specific binding sites per nucleus for 
testosterone and 3400 for dihydrotestosterone in keeping with the 
molecular ratios observed in vivo (Bruchovsky and Wilson, 1968b; 
Fang et al., 1969). Although Fang and Liao (1971) have reported 
that nuclear binding occurs only in the presence of cytosol factors, 
Unhjem (1970) has shown that cytosol factors are not critical. The 
results obtained in this investigation (i.e. Figs. 3.3 and 3.4) 
indicate that significant binding takes place when nuclei are 


incubated in the absence of cytosol and thus confirm:the latter 


observation. 


4. The Binding of Testosterone and Dihydrotestosterone 
as_a Function of Receptor Site Concentration 


Since the above results demonstrate that the amount of 


hormone bound to cytosol protein increases in a linear fashion as a 
function of steroid concentration, it was of interest to see whether 


the gel-filtration binding assay could also detect changes in the 
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Determination of association constants for the 
binding of [1, 2-H testosterone and [1,2-?H]- 
dihydrotestosterone to nuclear receptors. 
Experiments were performed as described in the 
legend to Fig. 3.3. Concentrations of bound 
and free hormone were determined on Sephadex 
G-25 gel and the datawere plotted using the 
relationship bound/free = K (bound/mg protein) 
+ Kn, where K = slope and the number of 
binding sites/mg protein = n. Panel A, 
piven eestosterone: panel B, fio ona 


dihydrotestosterone. 
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Eig. 3s binGing son [1,2--H]dihydrotestosterone and [1,2~7H]- 
testosterone to cytosol receptors as a function of 
protein concentration. Cytosol extracts containing 
different amounts of protein were incubated with 
5) : ; -8 

H-steroid at a concentrationvor Zeno) © Meand 
then measured for binding as before. Panel A, 
dihydrotestosterone bound to cytosol protein; 


panel B, testosterone bound to cytosol protein. 
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concentration of cytoplasmic receptor sites. Therefore, experiments 
were done in which varying amounts of cytosol protein from rat 
prostate were incubated at 25° C for 90 min with a fixed 

concentration (2 x ‘Kies M) of either [1 ,2-3H] testosterone or hie ye 
dihydrotestosterone. The results shown in Fig. 3.5 indicate that 

the amount of radioactive steroid bound to receptors increase 

linearly with the amount of protein present in the incubation mixture. 
Hence, Sephadex G-25 chromatography is a relatively sensitive 
technique for detecting fluctuations in both receptor site 


concentration and steroid concentration. 


3. Identification of Steroids Bound to Receptors after 


a) Vitro Incubations 


Several investigators have shown that in the rat 
prostate testosterone and dihydrotestosterone are metabolized to 
other androgenic steroids under both in vitro and in vivo conditions 
(Bruchovsky and Wilson, 1968a; Bruchovsky, 1971; Moore and Wilson, 
1972). However, when in vitro incubations of steroids with 
prostatic tissue are performed, the presence of NADP~ and a NADPH,- 
generating system are necessary for the reduction of testosterone 
to dihydrotestosterone (Baulieu et al., 1968) and for the 
conversion of dihydrotestosterone to androstandiol (Unhjem, 1970). 
Although these cofactors were not added to the incubation mixtures 
used in this study, the possibility existed that endogenous levels 


ro NADPH, were sufficient to effect some metabolism of testosterone 
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TABLE 3.2 


IDENTIFICATION OF STEROIDS AFTER IN VITRO INCUBATIONS 


Orerat ce Incubated 


Fraction Sample 
Testosterone Dihydrotestosterone 
% Recovered as T % Recovered as DHT 
Ee “Cytosol Total 91 89 
Bound o3 87 
II Nuclei Total 95 87 
Bound 92 90 


Following standard in vitro incubations with radioactive androgens, 
aliquots from ine unfractionated cytosol and nuclear extracts and 
their respective androgen protein complexes were taken for steroid 
extractions. Steroid identification was performed using thin-layer 
chromatography as described in Chapter II. Results are expressed 
as per cent of the original 3H-steroid recovered after in vitro 


incubations. 
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and dihydrotestosterone. Therefore experiments were conducted in 
which the steroids bound to receptors and those present in the 

unbound form were identified. Following in vitro incubations with 
fie airesposterone and ine pildihydroccetad serone aliquots were 
taken for extractions of steroids; the remaining samples were subjected 
to gel-filtration, after which the void volume fractions were also 
extracted. Identification of the steroids recovered in these 
experiments was accomplished by thin-layer chromatography (Chapter II). 
The results are shown in Table 3.2. Between 87 and 95 per cent of 

the radioactive androgens used in the binding experiments were 
recovered in their original unmetabolized form. Clearly, no 
significant metabolism of the steroid substrates occurred during 


these in vitro incubations. 


Gl Susceptibility of Steroid Binding to Pronase 


In order to verify that nuclear and cytoplasmic 
receptors were composed largely of protein material (Bruchovsky and 
Wilson, 1968b; Fang et al., 1969) the sensitivity of the hormone 
binding reaction to several enzymes was tested. Samples of cytosol 
or nuclear extracts were incubated at 25° C for 30 min with the 
appropriate radioactive hormone. Following tite interval, they were 
incubated a further 60 min at 25° C without added enzyme, or with 
100 ug of ribonuclease, deoxyribonuclease, or pronase. On 
completion of incubation, the levels of Pisteroid bound to 


receptors was measured using gel filtration. From the results shown 
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TABLE 3:3 


RECOVERY OF BOUND RADIOACTIVITY FOLLOWING 


INCUBATION OF STEROID-RECEPTOR COMPLEXES WITH DIGESTIVE ENZYMES 


Cytosol Nuclei 

Enzyme 

£ DHT oy DHT 

Radioactivity Recovered (Z) 

None 100 100 100 100 
Pronase 20 £5 P83) 30 
DNase 92 110 104 89 
RNase 95 93 98 105 


Samples containing either 200 ug of nuclear protein or 500 ug of 


2 M Gis, irae, - scone 


cytosol protein were incubated with 4 x 102 
or [poe Haid noeescesrerone for. OU smingat 75. Ce ear Ehis time 100 
ug of pronase, deoxyribonuclease, or ribonuclease were added, and the 
samples were incubated a further 60 min at 25°. Binding was measured 
in the usual manner using gel filtration. In the cytosol 

experiments the control values (100%) for binding were 2.8 x 10° dpm 
audsl..6.x% 10° dpm for dihydrotestosterone and testosterone 
respectively. Similarly control values of 9.4 x 10° dpm of dihydro- 
testosterone and 2.8 x 10° dpm of testosterone were obtained in 


nuclear binding experiments. Each figure represents the mean of two 


experiments. 
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in Table 3.3 it is evident that only pronase treatment caused a 
pronounced reduction in the radioactivity recovered in the void 


volume fractions. This confirms that the receptor molecules are 


proteins. 


7. Effects of Castration on Binding of Testosterone 
and Dihydrotestosterone 


While the in vitro binding reactions for testosterone 
and dihydrotestosterone are qualitatively similar (Fig. 3.3) it was 
unknown whether the receptors for each are identical or different. 
In order to resolve this problem, the effects of castration on cytosol 
and nuclear binding were compared. It was expected that if dihydro- 
testosterone and testosterone were bound to the same sites on a 
single receptor protein, any shift in the binding of dihydrotestosterone 
caused by bee eration would be accompanied by a parallel shift in the 
binding of testosterone. Constant amounts of cytosol and purified 
nuclei obtained from castrated rats were incubated with hormone 
substrates added to a concentration of 4.0 x io” M, which is close 
to the concentration of testosterone in the blood and prostate of some 
species (Gloyna et al., 1970; Siiteri and Wilson, 1970; Rivarola and 
Migeon, 1966) and within the concentration range where high affinity 
binding is expected (Fig. 3.3). From the results shown in Fig. 3.6 
it can be seen that each time interval studied, the binding of Li, 2 Hi 


ae 3 
dihydrotestosterone always exceeded the binding of [1,2-"H]testosterone. 
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Effects of castration on the binding of Beene 
testosterone and [oben asnerocesteseecanes 
Nuclear and cytosol preparations were obtained 
from male rats castrated at 0, 24, and 72 hours 
prior to the beginning of the experiment. 
Approximately 1.0 x 10’ nuclei or 500 ug 

cytosol protein were incubated at 25° C for 90 
min in one ml of Tris-EDTA buffer, pH 7.0 
containing 4.0 x ar M radioactive testosterone 
or dihydrotestosterone. Nuclei were extracted 
with Tris-EDTA buffer, pH 7.0 containing 0.6 M 
NaCl. The amount of bound hormone in the various 
fractions was determined by gel-filtration on 
Sephadex G-25. Open bars, amount of bop 
testosterone bound, closed bars, amount of Poe nye 
dihydrotestosterone bound. The standard error of 
the mean value from several experiments is shown 


for each time interval. 


BOUND, moles/mg PROTEIN x 10/4 


V5,0% 


\Waaym 


100 


N 
Nn 


6) 
© 


NO 
Nn 


CYTOSOL | NUCLEUS 


0 
TIME FOLLOWING CASTRATION, hr 


t t 
vi 
a A 
z 
» 
| 
i] 
; } i : 
Lie FT 
ae 
to 
a ~ ‘ 
, 


: ‘we Ey Su 3 |) oe 


ed Se Se ot 


pul de pat! dan jit urs 


at on ee 


‘diigurl ciate Seed Gs spodard error wt a 
sina aptiia her Bram ranged. exper taints ig shown af 7 at 

i ih 
ia aa Wntervad . } F ‘ 


A 7 
a “y 
- i 
; By y 
Nae 
~<A Fad 
[ A 
val) 
ne 
7 
ri = Fs ‘ 


Furthermore the binding of Pingo Widinvdrotesccsterone was increased 
in cytosol and decreased in nuclei at 24 and 72 hours following 
castration. No corresponding changes were observed in the binding 
of fied al weet caterers which remained relatively constant 
throughout the experiment. The specific change in the binding of 
dihydrotestosterone in response to castration suggests that the 
receptors for testosterone are not the same as those for ‘dihydro- 
testosterone or alternatively, that the experimental conditions 
required to demonstrate the in vitro binding of each hormone are 


different. 


De Discussion 


In this chapter it was demonstrated that both 
testosterone and dihydrotestosterone bind to proteins in cell free 
extracts of rat prostate. Binding experiments with both hormones 
yielded association constants which indicate high affinity binding 
to nuclear protein (Fig. 3.3 and 3.4). The values are lower than 
values suggested by other authors (Fang et al., 1969; Ritzen et al., 
1971), but they compare favourably with the association constants 
obtained for the binding of 17f8-estradiol to endometrium (Zimmer ing 
et als, 1970). Since the estimate of 5400 receptor sites per 
nucleus for dihydrotestosterone is close to the approximations of 
2000 (Fang et al., 1969) and 6000 (Mainwaring and Peterken, 1971) 
reported by others, the K, value of 3.5 x 10’ uo is probably 


A 


Significant. 
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The failure to saturate cytoplasmic receptor with 
either testosterone or dihydrotestosterone may be due to the 
presence of non-specific binding sites. Proteins possessing sites 
of high capacity yet low affinity for steroids have been postulated 
by Georgi et al. (1972). Baulieu and Jung (1970) isolated a 
binding protein from rat prostate which was both non-specific and 
non-saturable at hormone concentrations comparable to physiological 
levels. 

The presence of distinct receptor sites for 
testosterone and dihydrotestosterone was suggested by some of the 
data. From the Scatchard plots (Fig. 3.4), 1t. appears that the 
number of binding sites (from the intercept on the abcissa) in 
nuclei differs for each steroid. Furthermore, the finding that 
castration produces a shift in the receptors for dihydrotestosterone 
but not for testosterone (Fig. 3.6) is consistent with the concept 
of separate sites. On the other hand, the results may also be 
interpreted to suggest that this in vitro system falls short of 


providing optimal conditions for the binding of testosterone. 
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CHAPTER IV 


THE CHARACTERIZATION OF ANDROGEN-RECEPTOR COMPLEXES FORMED IN VITRO 


A. Introduction 


Within minutes of the administration of testosterone to 
castrated rats, dihydrotestosterone is recovered from prostatic cytosol 
in association with a 3 to 4S protein (Fang et al., 1969; Mainwaring, 
1969; Ritzen et al., 19/71; Baulieu and Jung,.19/0) and from prostatic 
nuclei in association with a 3S protein (Fang et al., 1969). As well, 
a second cytosol receptor has been observed in some systems 
(Mainwaring, 1969; Baulieu and Jung, 1970) with a sedimentation 
coefficient of 8S. Sedimentation analysis of nuclear and cytoplasmic . 
extracts after in vitro incubations with radioactive dihydrotestosterone 
has also demonstrated the presence of these receptor proteins (Fang 
et al., 1969; Baulieu and Jung, 1970). Although the above studies 
indicated that one or possibly two different dihydrotestosterone 
binding proteins are present in prostatic cytosol, it was neither 
established whether the receptors in the 3S and 8S fractions were 
related, nor alternatively, whether there were several types of 
binding proteins with common sedimentation properties. Furthermore, 
because of similarities in migration rates in sucrose density 
gradients, the 3-4S cytoplasmic binding protein and the 3-4S nuclear 
binding protein were believed to be identical but no information was 


available as to their homogeneity in other analytical systems. 
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Accordingly, the experiments described in this 
Chapter were undertaken to determine the number of binding proteins in 
the cell cytoplasm and nucleus, and to study the relationship between 
cytoplasmic and nuclear receptors in greater detail. Toward this 
end the principal analyses were carried out using column chromatography 


procedures. 
Bi Materials and Methods 


Pe aiComdittons -Lor Jn Vi ero Incubations 


Nuclear and cytoplasmic fractions were isolated in the 
manner described in Chapter II. Approximately 5 x 1 nuclei, 
suspended in 1 ml of Tris-EDTA buffer containing 50 mM NaCl, were 
incubated at 25°C for 90 min with the appropriate radioisotope. 
Following incubation, the sample was sonicated and extracted with 
high molar salt (final concentration 0.6 M). Where indicated, the 
sonication and salt extraction were performed prior to incubation. 

Cytosol protein from 1 g of prostatic tissue was 
incubated with Ger aeaia at 25° C for 90 min and then precipitated 
with ammonium sulphate. The sample was saturated to 80% with ammonium 
sulphate which was added slowly over a 1 hour period while the 
temperature was controlled at 4° C. Precipitated protein was 
collected by centrifugation at 17,000 x g for 20 min in a Sorvall 
centrifuge and suspended in 1 ml of Tris-EDTA buffer, pH 7.0. Any 


departures from this procedure are indicated in the text. 
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2. Column Chromatography Procedures 


Samples were desalted by passage through Sephadex G-25 
columns (1 cm x 40 cm) prior to application to cellulose phosphate 
columns. Proteins were eluted from the columns (1 cm x 15 cm) with 
an ionic gradient (0 to 0.8 M NaCl) and fractions of 4.2 ml were 
collected. 

Sephadex G-200 analysis of extracts was performed on 
1 cm x 90 cm columns in which Tris-EDTA buffer, pH 7.0, containing 


either no NaCl or 0.6 M NaCl, served as the elution buffer. 


Go Results 


PART IT - Cytosol Receptors 


be Precipitation or Cytosol Proteins with Ammonium Sulphate 


As a result of the fractionation and isolation 
procedures, cytosol preparations from 1 g of prostatic tissue 
usually had a final volume of 10 ml. While the protein concentration 
in these preparations was adequate for the binding studies described 
in Chapter III, the relatively large volume was cumbersome for 
further analysis of the steroid-protein complexes. To overcome this 
problem, the cytosol proteins were concentrated by precipitation with 
ammonium sulphate. 

Rats castrated 24 hours previously, were used in 
these experiments. This interval of castration gives rise to maximal 


binding of dihydrotestosterone (Fig. 3.6) since most of the 
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endogenous steroids have been cleared from the ventral prostate 

(Fang et al., 1969). Gytosol from 1 g of prostatic tissue (the 
pooled prostates of 3 to 4 rats) was incubated with 0.8 uCi of 

either te lececeseer one or [foo Wiis drarestostercane at. 297; 6 
for 90 min. After the incubation period, each sample was divided 
into 3 equal volumes. Two of these were brought to 50% and 80% 
Saturation with ammonium sulphate and the remaining one served as 
control. The precipitated protein was collected by centrifugation, 
resuspended in 1 ml of Tris-EDTA buffer, pH 7.0, and subjected to gel 
filtration on Sephadex G-25. The results of these experiments are 
shown in Table 4.1. Virtually all of the radioactivity associated with 
the receptor proteins was recovered in the 80% ammonium sulphate 
precipitate. When portions of the 80% supernatant were assayed for 
protein bound radioactivity, no binding was detected. Thus ammonium 
sulphate precipitation provided a simple and quick method for 


concentrating cytosol proteins. 


2. Chromatography of Cytosol Protein on Cellulose Phosphate 


Partial purification of steroid binding proteins in 
prostatic cytosol was undertaken using cellulose phosphate. Rats, 
castrated 24 hours previously, were sacrificed and the cytosol 
fraction from 1 g of prostatic tissue was isolated. The cytosol 
protein was incubated: at 25° C for 90 min with either lhpPeelndinyado- 


; =o 
testosterone or Phe coldeestosterone at a concentration of Lickel M. 
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TABLE 4.1 


PROTEIN PRECIPITATION WITH AMMONIUM SULPHATE 


Radioactivity Bound 


Z, (dpm/g Wet Weight x io) 
(NH),) 550, 
Testosterone Dihydrotestosterone 
: 6.4) (100%) L320: -CLOOZ. 
(Control) ; i 3 °) 
50 4.5 (742) 8.4 (657) 
80 Dia (972%) ee (947) 


Cytosol protein from 1 g of prostatic tissue was incubated with either 
OFS ici of pomp eere Deteh Gal hate OF fos itescosterone under 
standard conditions (i.e. 25° C for 90 min). On completion of 
incubation, the samples were divided into 3 equal portions and made to 
5 ml each with 0.25 M sucrose solution. Solid ammonium sulphate was 
added over a period of 1 hr to give a final concentration of 50% or 
80% saturation at 0° C. The protein precipitates were collected by 
centrifugation, resuspended in 1 ml of Tris-EDTA buffer, pH 2:0), -and 
analyzed for androgen binding by gel filtration. Binding in the 
control sample was determined directly by passing the unprecipitated 


cytosol through the column. 
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Demonstration of in vitro cytosol receptor peaks on 
cellulose phosphate. Cytosol preparations were 
obtained from male rats castrated 24 hours 
previously. An amount of cytosol protein equivalent 
to 1 g of prostate was incubated at 25° C for 90 
min in 10 ml Tris-EDTA buffer, pH 7.0 containing 


9 


0.25 M sucrose and 1.0 x 10 ~ M radioactive steroid. 
Following the incubation the charged cytosol was 
precipitated with ammonium sulphate (80% saturation). 
The precipitate was desalted by passage through 
Sephadex G-25 gel and then applied to a 1 cm x 15 cm 
column of cellulose phosphate. Proteins were 

eluted with an ionic gradient consisting of 
Tris-EDTA buffer, pH 7.0 containing 0 to 0.8 M NaCl. 
Fractions of 4.2 ml each were collected, the O.D. at 
260 and 280 nm and the radioactivity in each fraction 
were measured. Panel A, radioactivity recovered; 

Or area On es De Hleestostercne: @o—_—_® 

y= tdi oreetos-acones Panel B, typical 


profile of protein distribution. 
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The charged cytosol protein was precipitated with ammonium sulphate 
at 80% saturation. The precipitate was resuspended in 1 ml of Tris- 
EDTA buffer, pH 7.0, and then desalted by gel filtration through 
Sephadex G-25. The sample recovered in the void volume was applied 
to a column of cellulose phosphate. Proteins were eluted with an 
ionic gradient and the radioactivity in each fraction was measured. It 
is evident from the results shown in Fig. 4.1 that while (i a2- nt 
testosterone was spread diffusely throughout fractions 10 to 50, 
bhp semiiddiiny anat eaetiedanane was recovered in two peaks which 
corresponded closely with the two peaks of eluted protein. Most of 
the radioactivity was recovered in the Peak 1 area. When the run- 
through fractions from these columns (i.e. fractions 1 to 7 of 
Fig. 4.1) were examined on Sephadex G-25 columns no protein bound 
radioactivity was detected. 

There were no qualitative differences in the 
cellulose phosphate chromatograms obtained when the ammonium sulphate 
precipitation step, and the subsequent desalting procedure, were 
deleted from the experimental design. Also, when cytosol protein from 
intact rats was used, the radioactive profile was similar to that 
shown in Fig. 4.1. Neither testosterone nor dihydrotestosterone by 


themselves are retained by cellulose phosphate. 
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3. Chromatography of Cytosol Protein on Sephadex G-200 


ee eae were next carried out to investigate the 
behaviour of steroid-receptors on Sephadex G-200 columns. Cytosol 
protein from castrate rats was incubated as before with either 
hie os hae sicaeeuane or ig diddy dco Ce cieagc erodes precipitated with 
ammonium sulphate, and applied to a Sephadex column. Proteins were 
eluted with Tris-EDIA buffer, pH 7.0, or Tris-EDTA buffer, pH.7.0, 
containing 0.6 M NaCl. The results shown in Fig. 4.2 and 4.3 give 
the protein and radioisotope distributions obtained after experiments 
with dihydrotestosterone and testosterone respectively. 

When NaCl was excluded from the eluant, 2 peaks of 
radioactivity (i.e. Peaks I, III) were observed in the experiments 
with dihydrotestosterone (Fig. 4.2A); in the presence of NaCl, 3 
radioactive peaks were present (Fig. 4.2B). The absence of Peak II 
label and the relatively greater proportion of radioactivity associated 
with Peak I under conditions of low ionic strength suggests that Peak 
I may represent an aggregated form of steroid-receptor. In both the 
absence and presence of NaCl, the greatest amount of radioactivity 
was recovered in Peak III. 

When similar experiments were done using Pepa} 
testosterone as substrate, two peaks of radioactivity were detected 
(Fig. 4.3). Both peaks were eluted in volumes corresponding to Peak I 
and Peak III observed in experiments with dihydrotestosterone. 
However, the amount of label associated with these peaks was considerably 


less when compared to the amount of binding obtained with dihydro- 
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Fig. 4.2. Demonstration of in vitro cytosol receptor peaks for 
dihydrotestosterone on Sephadex G-200. Cytosol 
protein from 1 g of prostate from castrated rats, 
was. incubated at-25° C tor 90) min, dn 10 ml ef so, 2am 
sucrose solution containing radioactive dihydro- 


2 M). After the incubation 


testosterone (1 x 10. 
period the protein was precipitated with ammonium 
sulphate (80% saturation) and collected by 
centrifugation. The precipitate was then 

resuspended in 1 ml of Tris-EDTA buffer, pH 7.0, 

and applied to a Sephadex G-200 column (1 cm x 90 cm). 
Proteins were eluted either with NaCl-free buffer 
(Panel A) or with buffer containing 0.6 M NaCl 

(Panel B). Fractions of 1.5 ml each were 

collected; the absorbance at 260 and 280 nm and the 


radioactivity in each fraction were determined. 


Radioactivity, @-————® ; protein, O-—————O . 
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Demonstration of in vitro cytosol receptor peaks 
for testosterone on Sephadex G-200. Prostatic 
cytosol from castrate rats was incubated and 
analyzed on Sephadex G-200 in an isan 
manner to that described in Fig. 4.2. 10 ml of 
cytosol protein from 1 g of prostate was 
incubated with [1,2-7H] testosterone (x 10? M). 
Proteins were eluted with Tris-EDTA buffer 
(Panel A) or with Tris-EDTA buffer containing 
0.6°5M NaCl (Panel B). ‘Fractions of 1.5 mi each 
were collected and the radioactivity in each 


was determined. 
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testosterone. A second difference in the results was that 
testosterone failed to bind to protein corresponding to the Peak II 


area of the chromatogram even in the presence of 0.6 M NaCl (Fig. 4.3B). 


4. Repeat Chromatography of Peaks I, II and III on 
Sephadex G-200 


Since the results shown in Fig. 4.2 suggested that part 
of the Le aldara reeesrost erone associated with Peak I arose from 
aggregation of Peak II steroid-receptors, experiments were conducted 
in which Peak I was isolated and then rechromatographed on 
Sephadex G-200 under conditions of high ionic strength. Specifically, 
cytosol from 1 g of prostatic tissue was incubated with AueR ae 
dihydrotestosterone, precipitated with ammonium sulphate, and applied 
to a Sephadex G-200 column. Proteins were eluted from the column 
with Tris-EDTA buffer (nowNaCh), pov. 0. and fractions 1/ to 19 were 
pooled (Peak I). In order to ensure that sufficient radioactivity 
was bound to this protein, the sample was again incubated at 25° C for 
90 min with [1,2-°H]dihydrotestosterone. The Peak I protein was then 
precipitated with ammonium sulphate and run on a Sephadex G-200 column 
in which Tris-EDTA buffer containing 0.6 M NaCl was used as the 
elution buffer. It is evident from the results shown in Fig. 4.4 that 
almost all of the radioactivity was recovered in the Peak I area of 
the chromatogram. If Peak I was formed as a result of reversible 
aggregation of Peak II receptors, disaggregation of the former should 


have occurred with a corresponding increase in the latter when 0.6 M 
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Fig. 4.4. Repeat chromatography of Sephadex Peak I on 
Sephadex G-200. Fractions 17 to 19 (Big. 4.2A) 
were pooled and incubated at 25° C for 90 min 
Wipclote 1) sae eee iOge moles of [1,2-"H]dithydrotesto- 
sterone. The protein was precipitated with 
ammonium sulphate and applied to a Sephadex 
G-200 column. Fractions of 1.3 ml each were 
eluted with buffer containing 0.6 M NaCl, and 
the radioactivity and protein in each was 
measured. Radioactivity, @-———® ; 
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Repeat chromatography of Sephadex Peaks II and III 
on Sephadex G-200. Fractions 21 to 24 (Peak ITI) 
and 31 to 34 (Peak III) from the experiment shown 
in Fig. 4.2B were pooled and reincubated with 

1x ioe moles of [1,2-7H]dihydrotestosterone. 
The samples were precipitated with ammonium 
sulphate (80% saturation) and applied to a 
Sephadex G-200 column. Fractions of 1.3 ml were 
eluted with Tris-EDTA buffer, pH 7.0, containing 
0.6 M NaCl and the radioactivity and protein in 
each were measured. Panel A, repeat 
chromatography of Peak II. Panel B, repeat 
chromatography of Peak III. Radioactivity, 


o————-® ; protein O———O . 
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NaCl was included in the eluant. However, this was not the case. 
While the asey snr? oss tSeehe with the idea that Peak I radioactivity 
arises as a result of irreversible aggregation of smaller steroid 
receptors, it is equally possible that the experimental manipulations 
damaged the protein in such a way as to prevent dissociation of the 
aggregates. 

Experiments similar to those described above with 
Peak I proteins were performed with Peak II and Peak III material. 
Fig. 4.5 shows the results of experiments in which Peak II receptors 
(Panel A) or Peak III receptors (Panel B) ete isolated, incubated with 
Snestacorat and again chromatographed on Sephadex G-200 columns. In 
both instances the major portion of the protein associated radio- 
activity was recovered in the same fractions that were applied to the 


columns. 


5. Stokes' Radii and Molecular Weights 


Gel filtration provides a rapid and simple method for 
estimating the molecular weight and molecular size of proteins. 
Several studies (Whitaker, 1963; Andrews, 1964, 1965) have shown that 
the elution volumes of proteins are largely determined by their 
molecular weights. Molecular weights can be estimated in relatively 
crude preparations and hence extensive purification is not required. 
However, when molecular weights are determined by gel filtration, 
calibration substances must be from the same homologous group of 


proteins having a related physical form or symmetry. Since no 
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information is available as to the molecular shape of the cytoplasmic 
androgen receptors, estimates of the molecular weights of these 
proteins, using globular proteins as standards, may be 
inaccurate. However, the derivation of Stokes’ radii from Sephadex 
elution data without assuming a particular molecular shape is 
acceptable (Siegel and Monty, 1966; Andrews, 1970). 

A Sephadex G-200 column (1 cm x 90 cm) was calibrated 
with 200 to 500 ug of each of the following standards; cytochrome c, 
RNase I, DNase, ovalbumin, bovine serum albumin and its dimer, 
aldolase, and bovine y globulin. Calculation of the partition 
coefficient a between the liquid phase and the gel phase was done 
using the relationship (Laurent and Killander, 1964) = Vy - bes 
Vo vos where Lys is the elution volume of the particular solute, 


tT 


Ve is the total volume of the gel bed, and via is the void volume. 
When the eo values obtained for the protein standards were plotted 
against their respective molecular weights (Fig. 4.6A) or Stokes' 

radii (Fig. 4.6B) on semi-log scale, a linear relationship was 

observed in each case. From these plots it was possible to calculate 
the desired physical parameters of the cytoplasmic receptor proteins 

for dihydrotestosterone. For example, Peak II protein had an apparent 
molecular weight of 147,000 - 153,000 and a Stokes' radius of 47 - 49 A, 
Prierr eae Tul protein had values (pt 034/000'=)26y000 and 25)= 250A tor 
molecular weight and Stokes' radius respectively. Because Peak I 


protein appeared in the void volume, estimates of molecular size could 


not be calculated for this receptor. The relevance of the molecular 
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Fig. 4.6. Correlation of Kp with molecular weight and 
Stokes' radius. Partition coefficients (Kp) 
of protein standards were computed from data 


obtained from Sephadex G-200 experiments 
Ve-Vo 


mle 


The arrows indicate the Kp values obtained 


according to the relationship Kp = 


for Peak II and Peak III complexes. The 
relationship between partition coefficients 
and molecular weights and Stokes" radii are 


shown in Panel A and Panel B respectively. 
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weights ascribed to Peak II and Peak III proteins are of course 
contingent on accuracy of the assumption that both proteins have a 


globular shape. 


6. Sequential Analysis of Cytosol Proteins on Cellulose 
Phosphate and Sephadex G-200 Columns 


Although one can detect at least two distinct types 
of dihydrotestosterone receptor proteins using Sephadex G-200 
chromatography (Fig. 4.2) and cellulose phosphate chromatography 
(Fig. 4.1), it is not clear whether these proteins are equivalent 
in the different analytical systems. For example, does Sephadex 
Peak III receptor correspond to cellulose phosphate Peak 1 receptor, 
and similarly is Sephadex Peak II receptor the same as cellulose 
phosphate Peak 2 receptor? To answer these questions and to provide 
further rate oe as to the number of discrete androgen binding 
proteins present in prostatic cytoplasm, a two step purification 
procedure was employed. 

Ten ml of cytosol protein from castrated rats was 


2 M [1,2--H]dihydro- 


incubated as before in the presence of 1 x Los 
testosterone. The labelled protein was precipitated with ammonium 
sulphate, desalted on a Sephadex G-25 column, and applied to a 
cellulose phosphate column. After elution with a salt gradient, 
fractions containing Peak 1 receptor (i.e. fractions corresponding to 


tubes 24 to 27 of the experiment shown in Fig. 4.1) were pooled and 


then reincubated at 25° C for 90 min with [1,2-"H]dihydrotestosterone. 
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On completion of the second incubation, the sample was again 
precipitated with ammonium sulphate and subsequently run on a 


Sephadex G-200 column. The results of this experiment are shown in 


Fig. 4.7A. Virtually all of the dihydrotestosterone binding activity 


associated with cellulose phosphate Peak 1 was eluted from the 
Sephadex G-200 columm in the same position as Sephadex Peak II 
receptors. By analogy, therefore, one might expect that cellulose 
phosphate Peak 2 is equivalent to the Sephadex Peak III. 

In order to examine this possibility, Peak 2 protein 
was isolated as described in the experiment above using cellulose 
phosphate (fractions 34 to 38 in Fig. 4.1) and then reincubated with 
fa | dihyvdpapeecoeeerane: Following incubation, the sample was 
precipitated with ammonium sulphate and then chromatographed on 
Sephadex G-200. Unexpectedly, when the radioisotope and protein 
concentrations were measured in the eluted fractions, 3 peaks of 
radioactivity were found corresponding to Peaks I, II, and III 
(Fig. 4.7B). Since cellulose phosphate Peaks 1 and 2 were well 
separated, the possibility that Peak 2 protein was contaminated by 
Peak 1 protein prior to chromatography on Sephadex is remote. 

Thus, it would appear that there are several forms of receptors for 
dihydrotestosterone in prostatic cytosol. Three have identical 
affinity for cellulose phosphate but possess Stokes’ radii of 
approximately 24 A, 48 A and greater than 48 A (Sephadex Peak I). 

A fourth form of receptor has a Stokes’ radius of about 48 A but 


displays a reduced affinity for cellulose phosphate. 


83 


IIT dsef wibateatl ar “nobdiang ome ods ‘ee I 
seolulies Jedi tooqxe ingim ono . y .eretersds vegotens “a 
«TED Ase xebsdaqet ort od smelevtupe et $ ise’ a 

aketorg s ised ,ysilidbesog etils “erikmexes: oF ebto aT’ iid | me “iad 
saclyliao gatas avods snamitsqxe apg # hadtioesh 86 bedeloet 


dtiw betsdponkst Dd bre (1.8 .gt? at 88 Oo rs € iotoner) 938 


dir Btgusin wes eottedivont gittwareow | score 
no wellgertigodmaeds wont uate seeriaive st 
niesoaq 6ne sqotogloibes ony ribet opqysnt 
pleeq -f Raa aa age beaut: on at bomuaeia shew ada: 
nogeerico ‘bivoY osad alia : 

{isw sis & bas 1’ aaa adedaentg snstasas? eonte cs map 
ud betsntms tags. id ee ase sate “‘yotitdteatq ed? , : ; * 8q9 | 
yigstg0 i ob atte hi 
rot sraagien 3 waidt Tavae ah exed3 tedd tes¢q8 bivow' it” ‘jeudT 
poish saat Gill ia Bost ahseseoxg nt adosdaet sean 
“te | Fes lb Jud sterdqeody ‘agotariss ‘x08 Usioris | 
sobninget) 2 2) ends vodesig one Ras A 38 ytetaiiinotags a 
o au kbsa “Yesslos2 6 anit ronqsder 20 mad¥ asiuel A ae 
iq oxolufies 10% ystnitts aautan # seatQath: sh, 


‘ 


ray pad a4! ela9t ob 


.etomet at xsb 


5 8 saat hon Fanos 008-9 xsbarge® 20 $ 
- sindgeodg seoluitss mozt betsiosl s1sw 


oer te belinda! oe . xg pb daw einoatts 
; a ae 
. a103qSD9 


100 


baer 


gaitstor 


x 


TY 


fe M8. 2.0 prtnta an. 8 Hg ee Ata 


ae 9%. 
. cA tle a chs hehehe Jos 
en A 


fog .f Lonsd LA Sno Yo motsenstit 


aa tosolbsat 


OACTIVI 
.- 


x 
PROTEIN (j1q/FRACTION) 


<— > 
a A, 


vw aEAik? 


‘aelgtar Affe, 


peer he fp st wal 


Wie baat 


Pao eae doe 


Chromatography of cellulose phosphate Peaks 1 and 
2 on Sephadex G-200. Peak 1 and Peak 2 complexes 
were isolated from cellulose phosphate 
experiments with in vitro labelled cytosol 
receptors. Fractions corresponding to Peak 1 
protein were pooled, incubated with 2 x 10 1 
moles of [1,2-"H] dihydrotestosterone, precipitated 
with ammonium sulphate, and then applied to a 
Sephadex G-200 column. Similar operations were 
performed with Peak 2 protein fractions. In each 
case the Sephadex columns were eluted with Tris- 
EDTA buffer, pH 7.0, containing 0.6 M NaCl, and 
fractions of 1.3 ml were collected. Panel A, 

gel filtration of Peak 1. Panel B, gel 


filtration of Peak 2. Radioactivity, | 


protein. O—-———-O 
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PART II - Nuclear Receptors 


1. Chromatography of Nuclear Extracts on Cellulose Phosphate 


Partial purification of intranuclear steroid- 
receptors was undertaken next and the first approach involved the 
use of cellulose phosphate. Intact animals were used in these 
experiments since it was assumed that there would be more receptor 
sites in prostatic nuclei of normal rats compared to nuclei of 
castrated rats (Fig. 3.6). Purified nuclei were incubated in Tris- 
EDTA, butter; pH 7.0, containing 0:05 M NaCl,.and 1 = Oy moles of 
f- Hidiny drétestoseemore at 25. GC £or 90min, Following 
incubation, the nuclei were sonicated, and extracted with buffer, 
containing 0.6 M NaCl. The resulting nuclear extract was desalted by 
gel filtration and then applied to a cellulose phosphate column. 

The column was eluted with an ionic gradient, and fractions were 
assayed for protein and radioactivity. Two radioactive peaks were 
observed as shown in Fig. 4.8. While one peak appeared in fractions 
corresponding to Peak 1 obtained in experiments with cytosol 

(Fig. 4.1), there was less radioactivity in this peak than in the 
second which was eluted at approximately 0.6 M NaCl. Inspection of 
Figs. 4.1 and 4.8 reveals that the second nuclear peak is not 
identical with cytosol Peak 2 (eluted at 0.52 M NaCl) and 
accordingly is depicted as Peak 2a. If the nuclei were first 
extracted and then incubated with [1,2--H]dihydrotestosterone, the 
profile of radioactivity obtained did not differ from that shown in 
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Fig. 4.8. Demonstration of in vitro nuclear receptor peaks on 
cellulose phosphate. Prostatic nuclei were 
obtained from intact male rats according to the 
isolation procedures described under Methods. 
Approximately 5.0 x 107 nuclei were incubated at 
25. UGLLOtLOO min in 1 to 2 ml Tris-EDTA buffer, 
pH 7.0 containing 1 x fea moles of Pl ene 
dihydrotestosterone. Following the incubation 
period, the nuclei were sonicated and extracted 
with Tris-EDTA buffer, pH 7.0 containing 0.6 M 
NaCl. The nuclear extract was desalted by gel 
filtration, applied to 4.1 cma 15 cmicolum:, of 
cellulose phosphate, and proteins were eluted with 
an ionic gradient consisting of Tris-EDTA buffer, 
pH 7.0) containing 0 to 0.8 M NaCl.» Fractions of 
4,2 ml each were collected and the absorbance and 
the radioactivity in each fraction were measured. 
Panel A, radioactivity recovered; @—-——® 
i Os piatwerstestocrercce: Panel B, typical 


profile of protein distribution. 
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Since it was shown previously that there is a decrease 
in the levels of intranuclear binding of dihydrotestosterone in 
castrated animals (Fig. 3.6), it was of interest to determine 
whether this effect was due to a specific reduction in either Peak 1 
or Peak 2a binding. Accordingly, nuclear extracts obtained from 
rats castrated 24 hours previously were incubated and chromatographed 
on cellulose phosphate in the same manner described above for 
preparations from intact animals. The results shown in Fig. 4.9 
reveal that in these experiments flees sieeve restos te. ane was 
bound almost exclusively to Peak 1 protein. Very little 
radioactivity was associated with the Peak 2a area of the chromatogram. 
Apparently, castration causes a selective loss of Peak 2a receptor 


Sites. 


Ze Chromatography of Extracts of Nuclei on Sephadex G-200 


The second approach to the partial purification of 
nuclear receptors involved the use of Sephadex G-200. Nuclear extracts, 
obtained from the prostates of intact and castrated rats, were 
incubated with il’, 2-"H|dihydrotestosterone for (90sminiaty o°. Cy and 
then applied directly to a column of Sephadex G-200. Elution of the 
proteins was accomplished with Tris-EDTA buffer, pH 7.0, containing 
0.6 MNaCl. Figs. 4.10A and 4.10B show the distribution of radio- 
activity and optical density at 260 nm observed with nuclear 
extracts from intact and castrated rats respectively. In the former 
case two distinct peaks of radioactivity were present - one 


associated with the void volume, and the other with an elution volume 
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Fig. 4.9. Chromatography of extracts of prostatic nuclei of 
castrated rats on cellulose phosphate. A nuclear 
extract, equivalent to 5 x 10’ nuclei, was 
obtained from rats castrated 24 hours previously. 
The sample (1 to 2'ml) ‘(was incubated at 25°C for 
90 min with 1 x fone moles of fig2e Waidinvaroe 
testosterone, desalted by gel filtration, and then 
chromatographed on cellulose phosphate as described 
in the legend to Fig. 4.8. Fractions of 4.2 ml 
were collected and the radioactivity in each 


was determined. 
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Demonstration of in vitro nuclear receptor peaks on 
Sephadex G-200. Approximately 5 x 10’ nuclei were 
isolated from intact and castrated rats and 
extracted with Tris-EDTA buffer, pH 7.0, containing 
0.6 M NaCl. The nuclear extracts (1 to 2 ml) were 
incubated with 1 x ge moles of [1, 2-°H] dihydro- 
testosterone for 90 min at 25° C and then applied 
to a Sephadex G-200 column. Fractions of 1.5 ml 
were eluted from the column with Tris-EDTA buffer 
containing 0.6 M NaCl. Panel A, extracts prepared 
from prostatic nuclei of intact rats. Panel B, 
extracts prepared from prostatic nuclei of 
castrated rats. Radioactivity, @—-——® ; 
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equivalent to that noted for cytosol Peak III protein (Fig. 4.2B). 

On the other hand, nuclear extracts from the prostates of castrated 
rats contained only the larger form of receptor appearing in the 

void volume. Thus the steroid binding activity of receptor with 

a Stokes' radius of 24 A, disappears within 24 hours after 
castration. Since cellulose phosphate Peak 2a is also lost after 
castration (Fig. 4.9), it is reasonable to believe that Sephadex 

Peak III receptors and cellulose phosphate Peak 2a receptors are 
equivalent. Similarly, cellulose phosphate Peak 1 receptor of the 
nucleus is probably the same binding protein as that recovered in the 


void volume after Sephadex G-200 gel filtration. 


Si Repeat Chromatography of Nuclear Peak III 


To investigate the possibility that the dihydrotesto- 
sterone binding activity recovered in the void volume after gel 
filtration through Sephadex G-200 arises as a result of aggregation 
of Peak III receptors, experiments were conducted in which isolated 
Peak III proteins were incubated and subjected to repeat gel 
filtration. Fractions at the center of Peak” III (fractions 32 to 34 
in Fig. 4.11A) were pooled and incubated with fae Hii rotestor 
sterone. A sample of 1 ml was applied to a Sephadex G-200 column 
and subsequently eluted from the column with Tris-EDTA buffer, pH 7.0, 
containing 0.6 M NaCl. The results of this experiment, depicted in 
Fig. 4.11, indicate that there was no measurable change in the 


elution volume of nuclear Peak III radioactivity. Hence, it appears 
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Repeat chvsaaeberanne of Sephadex Peak III nuclear 
receptor on Sephadex G-200. Fractions 32 to 34 
from the experiment shown in Fig. 4.10A were 
combined and incubated in the presence of 


moles of [1,2-2H]dihydrotestosterone at 


1 LOM 
25° C £or, 90’ min,» 2 mi ot the sample (total 
volume of 3.9 ml) was then applied to a 
Sephadex G-200 column and eluted with Tris- 
EDTA buffer, pH 7.0, containing 0.6 M NaCl. 


The radioactivity in each fraction of 1.5 ml 


was measured. 
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unlikely that the formation of the large receptor complex is due to 
aggregation of smaller receptor units during the experiment. 
However, this conclusion is tentative in view of the possibility that 


conditions used may not be adequate to produce the aggregation effect. 


4. Effects of DNase, RNase and Pronase on Nuclear Receptors 


It has been suggested that the 3=4S steroid-receptor 
complex recovered from target cell nuclei may itself become bound to 
another nuclear macromolecule. While the chemical composition of 
the latter complex was not elucidated, it was thought to be a 
protein which was only found in the nuclei of hormone responsive 
tissues (Tymoczko and Liao, 1971). More recently, however, King 
and Gordon (1972) demonstrated that the 4S nuclear receptor complex 
from rat uterus binds to DNA. Liao et al. (1973), on the other hand, 
have presented evidence implicating an RNA containing fraction as 
the principal nuclear entity that binds the androgen-receptor complex. 

Because of the uncertainty in the evidence, 
experiments were performed in which labelled nuclear extracts were 
incubated with various digestive enzymes and chromatographed on 
Sephadex G-200. Nuclei were obtained from prostates of castrated 
rats and appropriate extracts were incubated with fl 2-H dikydro- 
testosterone at 25° C for 30 min. At the end of this period, RNase or 
DNase was added, and the samples were incubated at 25° C for a further 
60 min. The reaction mixtures were subjected to gel filtration on 


Sephadex G-200, and the eluted fractions were analyzed for radioactivity 
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and absorbance at 260 nm. The results shown in Fig. 4.12A reveal that 
DNase caused a significant drop in the amount of absorbing material 
present in the void volume of the column (compare with Fig. 4.10B). 
However, there was no accompanying loss in the amount of hea ae 
dihydrotestosterone associated with this fraction. In the 
experiment with RNase, a slight decline was observed in both the 
height of the peak of radioactivity and in the absorbance spectrum 
(Fig. 4.12B). Since RNase did not cause a significant drop in the 
radioactivity-bound to prostatic nuclear receptors of intact rats 
(Table 3.3), the results presented here (Fig. 4.12B) are probably 
due to experimental variation. Thus under these conditions, neither 
DNase nor RNase produced a significant depression in the binding of 
radioactivity associated with Sephadex Peak I. 

When pronase was incubated with nuclear extracts from 
prostates of intact rats, the results shown in Fig. 4.13 were 
obtained. The radioactivity that in control experiments (Fig. 4.10A) 
was bound to small receptors (nuclear Peak III), was not evident; 
however, an appreciable amount of radioactivity was recovered in the 
void volume. Apparently, the steroid binding sites in the nuclear 
Peak I fraction are less susceptible to proteolytic digestion than 


those in the Peak III area of the column. 
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Fig. 4.12. Effects of DNase and RNase on the binding of 
dihydrotestosterone. In each experiment, 
approximately 5 x 10/ nuclei from castrated rats 
were extracted with 0.6 M NaCl in Tris-EDTA 
buffer, pH 7.0. The nuclear extracts (1 to 2 ml) were 
incubated with 1 x 10 1) moles of [1,2-7H]- 
dihydrotestosterone for 30 min at 25° €z) At 
this time 500 ug of either DNase or RNase were 
added to the incubation mixture. After a 
further 60 min at 25° C, the samples were 
applied to a Sephadex G-200 column and eluted 
with Tris-EDTA buffer, pH 7.0, containing 0.6 M 
NaCl. The absorbance at 260 nm and radio- 
activity in each 1.5 ml fraction were measured. 


Panel A, treatment with DNase; radioactivity 


( @———® ), absorbance ( O——O ). 
Panel B, treatment with RNase; radioactivity 


( @-———® ), absorbance ( O———O ). 
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Fig. 4.13. Effect of pronase on the binding of dihydrotesto- 
sterone., A nuclear extract was prepared from 
Sp. 10’ nuclei obtained from intact animals. 

The sample (1 to 2 ml) was incubated with 

AG's Lars moles of [a ldthydrotestosterane 

at 25° ¢C for 30 min vat “which time 500 j1e<or 
pronase was added. After an additional 60 min 
incubation at 25° C the sample was applied to 

a Sephadex G-200 column and 1.3 ml fractions 

were eluted with Tris-EDTA buffer, pH 7.0, 
containing 0.6 M NaCl. Radioactivity @————®; 
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5. Testosterone Receptors in Nuclei 


The binding studies described in Chapter III indicate 
that testosterone binds to nuclear receptors with a relatively high 
affinity (Ka v 107 Mra ye Therefore it was expected that binding of 
testosterone to specific peaks could be readily demonstrated. Gel 
filtration using Sephadex G-200 was the technique employed in this 
study since the previous results (Figs. 4.1 and 4.3) with cytosol 
receptors indicated that testosterone binding could best be 
demonstrated in this manner. 

Nuclear extracts, prepared from prostates of intact 
rats, were incubated at 25° C for 90 min with Lo Hilteseoscer anes 
Following this, the sample was applied to a Sephadex G-200 column 
and then eluted from the column with Tris-EDTA buffer, pH 7.0, 
containing 0.6 M NaCl. The results shown in Fig. 4.14 indicate that 
the profile of radioactivity was qualitatively similar to that 
observed when [1, 2-"H]dihydrotestosterone was used as substrate 
(compare with Fig. 4.10A). The two radioactive peaks were almost 
coincident with Sephadex Peaks I and III. However, testosterone 
binding differed in two respects. First, the quantity of 3y-steroid 
bound to nuclear receptors was considerably less than that observed 
in parallel studies using [1,2--H]dihydrotestosterone. Secondly, 
in the experiment with testosterone, the amount of radioactivity in 
Peak I was much greater than in Peak III; by contrast, the radio- 


activity in these peaks was almost the same in experiments with 


dihydrotestosterone. 
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Fig. 4.14. Binding of testosterone to intranuclear receptors. 


A nuclear extract (1 to 2 ml) corresponding to 5 x 10/ 


nuclei, isolated from intact rats, was 
incubated at) 25" €) for 90min withelex toe 
moles of (fine Haeestosceronet On completion of 
incubation, the sample was analyzed on a 
Sephadex G-200 column (1 cm x 90 cm). 


Fractions of 1.5 ml were collected and measured 


for ‘radioactivity. 
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PART III - Serum Receptors 


Although precautions were taken to ensure that 
contamination of the cytoplasmic and nuclear preparations by serum 
proteins was minimized, it remained possible that some of the 
dihydrotestosterone binding ascribed to intracellular proteins 
resulted from binding to serum proteins. Both steroid-binding 
globulin and serum albumin are capable of binding androgens 
(Westphal, 1971). Therefore experiments were conducted in which 
serum proteins were incubated with radioactive dihydrotestosterone 
and then examined by analysis on Sephadex G-200 and cellulose 
phosphate columns. 

Samples of blood were collected in heparinized tubes 
from the jugular vein of castrated rats. Serum proteins were 
separated from erythrocytes by centrifugation at 500 x g for 10 min 
in a Sorvall GLC-1 centrifuge (HL-4 rotor, Pave 12.5 cm). The upper 
layer was removed and then respun at 500 x g to further clarify the 
serum fraction. The final supernatant was decanted into clean tubes 
and aliquots were taken for protein determinations. 

Samples containing 15 to 20 mg of serum protein were 
brought to a final volume of 1 ml with Tris-EDTA buffer, pH 7.0, 
and then incubated at 25° C for 90 min in the presence of eos le 
dihydrotestosterone. On completion of incubation, the proteins were 


either applied directly to a Sephadex G-200 column or passed through 


a Sephadex G-25 column and then applied to a cellulose phosphate column. 
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The results of these experiments are shown in Figs. 4.15 and 4.16 
respectively. Two peaks of radioactivity were observed in the 
Sephadex G-200 chromatogram. The first peak eluted from the column 
was relatively small and diffuse, and had an elution volume consistent 
with that of steroid-binding globulin. The second peak, which 
contained the majority of radioactivity, was recovered in an elution 
volume that corresponded to a globular protein with a molecular weight 
of approximately 64,000 - 68,000. The latter protein is probably 
albumin. Both types of steroid binding measured in these 
experiments had different elution volumes than those observed in 
similar experiments with intracellular receptors of the rat prostate 
(compare with Fig. 4.3B). 

When the serum proteins were analyzed on cellulose 
phosphate two peaks of radioactivity were again observed (Fig. 4.16). 
Although, it was not established which peak corresponded to 
albumin and which to steroid-binding globulin, the positions of the 
peaks in the cellulose phosphate chromatogram differed from 
cellulose phosphate Peaks 1, 2, and 2a (compare with Figs. 4.1 and 
4.8). Clearly, both Sephadex G-200 and cellulose phosphate 
chromatography allow one to differentiate between the androgen binding 
proteins of the serum and of the prostate. Since neither steroid- 
binding globulin nor serum albumin binding activity is detected in 
prostatic preparations, contamination by extracellular proteins is 


probably minimal. 
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Demonstration of in vitro labelled steroid- 
receptors of serum on Sephadex G-200. 
Approximately 18 mg of serum protein in 1 ml 

of Tris-EDTA buffer, pH 7.0 was incubated at 
25> GC for 90 mins wath, nx 107 moles of 

[1 ,2="H] dihydrotestosterone. Following 
incubation, the sample was applied to a 
Sephadex G-200 column (1 cm x 90 cm) and eluted 
with Tris-EDTA buffer, pH 7.0, containing 0.6 M 
NaCl. Fractions of 1.5 ml were collected 


and radioactivity was measured. 
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Fig. 4.16. Demonstration of in vitro labelled steroid- 
receptors of serum on cellulose phosphate. 
Approximately 20 mg of serum protein was 
incubated as described in the legend of 
Fig. 4.16. Following incubation the sample 
was passed through a Sephadex G-25 column. 

The void volume was then analyzed on cellulose 
phosphate under the same conditions as 


described in the legend to Fig. 4.1. 


YIGWAN NOILOVa4 


00! 


O10 | 


RADIOACTIVITY (cpm/fraction) 


| 002 
0 


NaCl CONCENTRATION (m) 


S 
Sz Ser 


© 
ma 
> 


00S 


112 


Di. Discussion 


In this investigation four types of receptor molecules 
for dihydrotestosterone were observed in prostatic cytosol. 
Examination of in vitro labelled cytosol extracts on cellulose 
phosphate columns revealed the presence of two discrete peaks of 
radioactivity (Peaks 1 and 2) (Fig. 4.1). Further characterization 
pil these peaks on Sephadex G-200 demonstrated that several forms of 
dihydrotestosterone binding proteins were present in prostatic 
cytosol. Peak 1, obtained with cellulose phosphate, was found to 
contain receptor proteins with a Stokes' radius of about 48 A 
(Fig. 4.44), whereas receptor proteins of at least three different 
molecular sizes were detected in Peak 2 (Fig. 4.2B). These had 
Stokes' radii of 24 Ay 48 A, and >48 A. In this investigation, it 
was also found that certain of the cytosol receptor complexes 
undergo a molecular size reduction in the presence of high molar 
salt. For example, when in vitro labelled cytosol extracts were 
run on Sephadex G-200 the distribution of radioactivity between 
Peak I and Peak II could be altered by changing the concentration 
of NaCl in the eluant. At high ionic strength (0.6 M NaCl) more 
radioactivity was bound to Sephadex Peak II; conversely, in the 
absence of NaCl, more radioactivity was bound to Sephadex Peak I 
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Study of the intranuclear binding of dihydrotestosterone 
furnished evidence of the existence of two receptors for dihydro- 
testosterone. Using cellulose phosphate, one nuclear receptor was 
eluted in a position corresponding to cellulose phosphate Peak 1 of 
cytosol (Fig. 4.8). The other nuclear receptor was eluted in a 
position close to, but not coincident, with cellulose phosphate Peak 2 
of cytosol and was designated Peak 2a (Fig. 4.8). When Sephadex G-200 
was used to analyse the intranuclear binding of dihydrotestosterone, 
two peaks were again obtained, one corresponding to Sephadex Peak I 
of cytosol and the other corresponding to Sephadex Peak III of 
cytosol. Castration caused a marked reduction in the size of 
cellulose phosphate Peak 2a and Sephadex Peak III of the nucleus. 
These parallel changes suggest that cellulose phosphate Peak 2a and 
Sephadex Peak III represent the same receptor. The relative stability 
of cellulose phosphate Peak 1 and Sephadex Peak I suggests that these 
peaks represent a second intranuclear binding site. 

Comparison of the chromatographic properties of the 
cytoplasmic and nuclear receptors as determined by in vitro 
experiments, indicates that there is a single receptor that is common 
to both the cytoplasm and nucleus. This receptor has a Stokes' 
radius of 24 A and both the cytoplasmic and nuclear forms have 
similar, though not identical, affinity for cellulose phosphate 


(compare Peaks:2 and 2a in. Figs.,4.1,and.,4.8). 
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The 24 A nuclear receptor is a protein as established 
by its sensitivity to pronase. The chemical nature of the 
presumed second nuclear receptor is less clear. Binding of radio- 
activity to Sephadex Peak I (castrated rats) is not completely 
abolished by pronase (Fig. 4.13). It is not sensitive to DNase 
digestion and only slightly sensitive to RNase digestion (Fig. 4.12). 
The reason for the relative resistance of this peak to these 
treatments is not clear. It is possible that the binding to 
Sephadex Peak I represents a different type of complex than the 
binding to Sephadex Peak III. This view is consistent with the 
suggestion of Tymocyzko and Liao (1971) that the nucleus contains an 
acceptor site which binds steroid or steroid-protein complex 
transported across the nuclear membrane. 

No binding of [1,2-°H] testosterone to cytosol 
protein could be demonstrated on cellulose phosphate (Fig. 4.1). 
The isolation of testosterone-protein complexes was more successful 
when Sephadex G-200 was used and two peaks of radioactivity were 
obtained (Fig. 4.3). The first peak was eluted in the void volume 
and the second peak was eluted in a position similar to Peak III. 
Both peaks were smaller than those obtained in comparable 
experiments with [1,2-°H] dihydrotestosterone. Also, the presence of 
0.6 M NaCl in the elution buffer did not give rise to a testosterone 
binding peak in the cytosol corresponding to Sephadex Peak II 
(Fig. 4.3). Together this evidence suggests that the receptor sites 


for testosterone are different from those for dihydrotestosterone; 
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however, the results may also be attributable to the possibility that 
experimental conditions used were inadequate to obtain maximum 
binding of testosterone. In the next Chapter, experiments are 
described which were undertaken to establish whether these in vitro 


results could be related to the in vivo action of androgens. 
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CHAPTER V 


IN VIVO BINDING STUDIES 


pies Introduction 


There is considerable evidence to suggest that under 
in vitro conditions cytosol steroid-receptor in the presence of 
dihydrotestosterone stimulates the incorporation and retention of 
dihydrotestosterone by isolated nuclei (Fang et al., 1969; Fang and 
1971; Steggles et al., 1971). While such an observation would be 
expected if steroid-receptors migrate from cytoplasm to nucleus, it 
is not certain whether this migration occurs in vivo. Generally 
speaking, in vivo studies of androgen uptake and retention by rat 
ventral prostate have not been concerned with the effect of binding 
proteins in regulating the intracellular distribution of androgens. 
Accordingly, experiments described in this chapter were undertaken, 
first, to differentiate between cytoplasmic and nuclear steroid- 
receptors under in vivo conditions, secondly, to compare these with 
steroid-receptors defined under in vitro conditions, and thirdly,..to 
assess the function of steroid-receptors in terms of their role in 


the transport of steroid from cytoplasm to the nucleus. 
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iy Materials and Methods 


Ee: Preparation of Cytosol and Nuclear Fractions 


Approximately 24 hours after castration, male rats 
were eviscerated, functionally hepatectomized, and then injected 
intravenously with 150 uCi of radioactive steroid. (It has been 
shown that ablation of viscera causes significant increase in the 
amount of radioactive testosterone taken up by the rat ventral 
prostate (Bruchovsky and Wilson, 1968a)). After 10, 30, 60 or 120 min 
the rats were killed by decapitation and their prostates were removed. 
The procedures used for the homogenization of prostatic 
tissue and isolation of nuclei and cytosol were identical to those 
used in in vitro experiments. Aliquots were taken for the 
measurement of radioactivity, for the counting of nuclei, and in some 


instances, for the identification of steroids. 


2. Column Chromatography Procedures 


To quantitate steroid-protein binding in vivo, suitable 
extracts from cytosol or nuclei were chromatographed on Sephadex G-25 
columns (1 cm x 40 cm) as before. Fractions containing the steroid- 
receptor complex were analyzed for radioactivity and protein. In some 
experiments the in vivo labelled extracts were run on cellulose 
phosphate or Sephadex G-200 columns. The chromatographic conditions 
were identical to those employed in the in vitro experiments. When 
necessary, steroid metabolites were recovered from appropriate 


fractions and identified by thin-layer chromatography. 
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CK Results 


PART I - In Vivo Cytosol Receptors 


ie Incorporation of 3H-Androgens into Cytosol 
after the Pulse Injection of [1 2= Wtestosterone 


In order to obtain insight into the relationship 
between the appearance of androgens in prostatic cytosol and the 


Pupsteroids associated 


binding of androgens to cytosol receptor, the 
with these two fractions were quantitated and identified at 10, 30, 60 
and 120 min after the intravenous administration of 150 uCi (1 ug) of 
ii J=- fh  tvesepeterons to castrated, functionally hepatectomized rats. 
The radioactivity in cytosol is plotted as a function of time in 

Fig. 5.1A (upper curve) and it can be seen that the amount of label 


: dpm/g wet weight at 30 min and little 


rises sharply to. 400 x 10 
further change occurs between 30 min and 120 min. The lower curves 
in Fig. 5.1A indicate the relative amounts of testosterone, 
dihydrotestosterone and androstanediol present in this fraction. 
Testosterone and dihydrotestosterone are clearly the dominant 
metabolites at all times and are recovered in nearly equal 
proportions. 

The results of parallel measurements on the labelling 
of cytosol receptor are shown in Fig. 5.1B. Labelling of the 


receptor was virtually complete by 10 min and there was little change 


from the level of 75 x 10° dpm reached at this time. The amount of 


Vers yee ay 
; me y a 
Wee Bea 
be in. 


Bis eo oe im, ely 
oo Sm 
‘ is ay ue ee 


qifenotinios eds -erak Tigteay missdo ot abaciraes as : 
oft bas Losodya, ottetacsq at enaeson 30 somicanege aie 
base sso ebtoresent® eile e1029990% | ” 
63 ,Of .0L ts betittasht Gas _— tam8 ny 


lodsl Yo dmOmp sey asda nse 9d aso 25 bn Coren = 

staabl bas nite Of Je adgtow 2ow gleab Ot x 
asvius ‘xawol sdT  . ake OSL bow nim 08 no tod ogni 
<andtetz02293 to a mvom eviasiox ois ceriaed o 


- par 
rete ns tan noo ers 


a8 nn eat omit. eits 3b | 
‘ ft Pe a. fog poy ae hs és; ny rpeenti 
jie biel pons ah Ged W iD 2 ylie sai ra 


eg Met ' Aa Ye 
¥ a 
L4 avi ‘ ve 
' ME 
} hi 
fi iy An 
wu a hy i 
et 1 + 
Pyne ve a ae 
; Ae bell iM ) i ; } my ‘i 
eeu bit ; 
i ‘ 5 i 
| i ; 


ay water Le aes 
: byt} ia) =e inks tebe fi 


00" “as beapisans esex e ‘og e af 


wHol tom 


sige ene aT 90 290 
fot mito ose bas 08 p08: (04 net) 


BV ‘scigeslalahihl to sired bas bolts | 


4) daaoragy it iiadaan ak bediroaeb a CN wa nor aa 


i Te ay i | 
; w 1 4 ? 7 ‘ i J & 
50) ye ® Pye or et ~ ' ; PEN a: F 
a ie te vi { 


iii be Ye " 4 
ay 4 
im y i is 
i ® . 
gi 

ar 
: 

) 


_Bioeraot aged soyet-ntits kin bolitanab? a 


J 
“e ” : } ta if = oye hea 088 phew sha ths%.. ere 4 i i i yi f | He 


Ly 


‘ B” betlqga bas sian 08) ue aa | nu ‘ | fy 
di J Ls! eeu amvted tt Rie mabaiese to | | | 


i\ 


fontseacnetrets dite batons see 
pis Sos sro test oda ‘Yausuen 


i - ey my 


sv yf ee Aaa ee 
i nil bay . i | ‘A 


on ‘seagel i wr ysl mn? i 
f “ rvien 


ey , 
: Cl ae 
i ' Pa! yar 
& 


Fig, 3.3 ineorporation so: “Heeadrosens into cytosol after the 
pulse injection of [1,2-°H] testosterone. Groups of 
3 to 5 rats castrated 24 hours previously were 
functionally hepatectomized and injected with 150 
uci of [1,2-*H}testosterone (specact.w5. mCL/ S03 2eme). 
Then 10, 30, 60 and 120 min later the rats were 
killed and samples of prostate were fractionated as 
described in Chapter II; appropriate aliquots were 
assayed for radioactivity and steroid constituents 
were identified by thin-layer chromatography. 
Protein was precipitated with ammonium sulphate 
(80% saturation) and applied to a column (1 cm x 40 cm) 
of Sephadex G-25. The column was eluted with Tris- 
EDTA buffer, pH 7.0 and the void volume was collected. 
An aliquot was removed for measurement of radio- 
activity and the remainder of the fraction was 
extracted with chloroform-methanol (2:1, v/v); 
neutral metabolites were identified by thin-layer 
chromatography. Each value represents the mean of 
at least 3 separate experiments; the standard error 
of the mean is shown for measurements of radio- 
activity. Panel A, radioactivity and androgens 
recovered in cytosol; panel B, in cytosol receptor. 
Total radioactivity (mean + S.E.) O———O ; 
dihydrotestosterone, O—-————O testosterone, 


@—————-® ; androstanediol, A————A , 
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dihydrotestosterone bound remained stable at 35 x 10 
amount of testosterone declined slightly from 30 x 10° dpm at 10 min 

to 20 x 10° dpm at 120 min. However, for the most part, the relative 
amounts were only slightly different from those in the cytosol 
fraction. Only a trace amount of androstanediol (less than 2%) was 
recovered from the steroid-receptor complex despite the fact that 

this steroid represents 7 to 14% of the radioactivity in cytosol. This 
observation is in keeping with the view that the selectivity of 


binding, and by inference, of transport, is established at the level 


of the cytosol receptor. 


24 ,Pareial Purification of Cytosol Receptors 
using Cellulose Phosphate 


Experiments were carried out to characterize the 
Seana tistheaeptors in cytosol using cellulose phosphate. At 10, 30 
and 60 min following the administration of radioactive testosterone 
to 24-hour castrated rats, prostatic cytosol was isolated and 
treated with ammonium sulphate at 80% saturation. The precipitates 
were desalted by gel filtration, applied to a cellulose phosphate 
column, and eluted with a salt gradient. As shown in Fig. 5.2 
virtually all of the labelled receptor was recovered in the Peak 2 
area. Moreover, the amount of radioactivity in this peak was 
relatively constant after 10, 30 and 60 min of in vivo incubation, and 


no radioactivity corresponding to Peak 1 was detected at any time. 
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Demonstration of in vivo cytosol receptors on 
cellulose phosphate. Groups of 4 to 5 male rats 
castrated 24 hours previously were functionally 
hepatectomized immediately prior to receiving 
intravenous injections of 150 uCi fio. Hae 
testosterone. Then 10, 30 and 60 min later the 
rats were killed and cytosol was isolated from 
1 g of the combined prostatic tissue of each 
group. Protein was precipitated with ammonium 
sulphate (80% saturation), desalted by gel- 
filtration on Sephadex gel and applied to a lcm 
x 15 cm column of cellulose phosphate. Receptor 
complex was eluted with an ionic gradient 
consisting of Tris-EDTA buffer, pH 7.0 containing 
0 to 0.8 M NaCl. Fractions of 4.2 ml each were 
collected and the radioactivity in each fraction 
was measured. Radioactivity recovered; 
o-———_-@: 10 nin; O——O: (30 min; 
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The ratio of Hedinpdedeecnostteroric to Saaveatastercne in Peak 2 was 
found to ‘be similar to,that shown in Fig. 5.1. “Thus it is, clear. that 
while in vitro cytosol binding occurs to both Peak I and Peak 2 
proteins (Fig. 4.1), the in vivo binding occurs exclusively to 

Peak 2 protein. These observations suggest that the proteins which 
bind androgens exist in different forms depending on the 


experimental conditions, 


3. Chromatography of Cytosol Steroid-Receptors 
on Sephadex G-—200 


Cytosol protein was chromatographed on Sephadex G-200 
to further characterize steroid-receptors in cytoplasm. Cytosol 
extracts were obtained from the prostates of castrated rats injected 
with 150 uCi of hiv Jes icestesceroner The cytosol proteins were 
precipitated ee ammonium sulphate, resuspended in buffer and 
chromatographed on Sephadex G-200. Fig. 5.3 shows the results of 
experiments in which rats were killed 60 min after the injection of 
radioactive testosterone. In the absence of NaCl only Peak I 


radioactivity is recovered in association with cytosol proteins 


(Fig. 5.3A). In the presence of 0.6 M NaCl (Fig. 5.3B) radioactivity 


is recovered in Peak II and, to a lesser extent in Peak I. Thus the 
effect of NaCl in vivo is similar to its effect in vitro in causing 
an apparent transition of receptors from a larger to a smaller 
configuration. However, it is to be noted that Peak III which was 


prominent in in vitro experiments is conspicuously absent in these 
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Fig. 5.3. Demonstration of) iniivivo: cytosol) receptors on 
Sephadex G-200. Groups of 4 to 5 rats castrated 
24 hours previously were functionally hepatectomized 
and then each animal was injected with 150 yCi of 
Lie2- al vestostercier 60 min later the rats were 
killed and cytosol was isolated from 1 g of 
combined prostatic tissue of each group. Protein 
was precipitated with ammonium sulphate (80% 
saturation), resuspended in 1 ml of Tris-EDTA 
buffer, pH 7.0, and analyzed by gel filtration. 
Fractions of 1.5 ml were collected and the 
radioactivity in each was determined. Panel A, 
radioactivity recovered after elution of 
Sephadex G-200 column (1 cm x 90 cm) with Tris- 
EDTA butfer,sipl 7.0.0 Panel. 3). radioactivity 
recovered when the column was eluted with 


buffer containing 0.6 M NaCl. 


RADIOACTIVITY (cpm/fraction) 


6000 | 
4500 | 


3000 | 


[500 


4500 | 


3000 


[500 


0 


0 
FRACTION NUMBER 


30 


40 


j Pa i on hace vie bso wet of. 

. eokpinaly 4 rote ve 
rs sin oes, 
\ pa NY Wik a 


et ama he ee ‘we sci th > 
palit aga ety te scrne tan abe phates: q 
ee re ee ae i> 
wits niga, 8. 4d. hash: By. wad: 


E27 


in vivo experiments. Thus under in vivo conditions both cellulose 


phosphate Peak 1 and Sephadex Peak III are not detected. 


4. Chromatography of Cellulose Phosphate Peak 2 
Receptors on Sephadex G-200 


The absence of Sephadex Peak III under in vivo 
conditions raises the question as to the significance of this 
peak as demonstrated under in vitro conditions. Since it was shown 
in Chapter IV that cellulose phosphate Peak 2 (labelled in vitro) 
could be rechromatographed on Sephadex G-200 to give rise to 
Sephadex Peaks I, II, and III it was of interest to determine whether 
cellulose phosphate Peak 2 (labelled in vivo) would give rise to a 
Sephadex Peak III. Accordingly, in vivo labelled cytosol protein, 
isolated after a 60 min pulse of [1,2-"H] testosterone CL50: uC) 
was precipitated with ammonium sulphate, desalted, and applied to a 
cellulose phosphate column as before. After elution with an ionic 
gradient the Peak 2 area was pooled (Fig. 5.2, fractions 35 to 37) 
and incubated for 90 min at 25° C with [1,2-°H]dihydrotestosterone. 
Following the in vitro incubation, the protein was precipitated with 
ammonium sulphate and then applied to a Sephadex G-200 column. The 
distribution of radioactivity the eluate is shown in Fig. 5.4A. It 
can be seen that the profile of radioactivity resembles that obtained 
after rechromatography of the in vitro labelled Peak 2 (Fig. 4.7B) 
but differs significantly from that obtained when protein from 
in vivo labelled cytosol is directly chromatographed on Sephadex G-200 
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Chromatography of cellulose phosphate Peak 2 on 
Sephadex G-200. Fractions corresponding to tubes 
35 to 37 of Fig. 5.2 (after 60 min interval) were 
pooled. These fractions were reincubated at 25° C 
for 90 mintwithi2 6106) moles chile nldsiteae 
testosterone and then precipitated with ammonium 
sulphate (80% saturation). The sample was applied 
to a Sephadex G-200 column (1 cm x 90 cm) and 
eluted in 1.3 ml fractions with Tris-EDTA buffer, 
pH 7.0, containing 0.6 M NaCl. Radioactivity 
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These results can be summarized as follows. When 
prostatic cells are labelled in vivo, it is possible to recover 
receptors in cytosol that chromatograph in the position of Peak 2 on 
cellulose phosphate and in the positions of Peak I and Peak II on 
Sephadex G-200. It is clear that a transition is induced between 
Peak I and Peak II by altering the ionic strength of eluting buffer. 
At low ionic strength the formation of Peak I is favored and 
conversely at high ionic strength the formation of Peak II is 
favored. 

Rechromatography of cellulose phosphate Peak 2 on 
Sephadex G-200 yields a third peak (Peak III) that is evident 
whenever in vitro incubations are used to label cytosol receptors. 
This conclusion is supported both by the data presented in Fig. 5.4 


and that presented in Figs. 4.7B. 


FARL) EL) -—* “In Vivounuclear Receptors 


ie Incorporation Of 3H-Androgens into Nuclei after 


the Pulse Injection of [1, 2-H] Testosterone 


Experiments were performed to define any correlation 
between the accumulation of androgens in prostatic nuclei and the 
appearance of a specific steroid-protein complex in this fraction. 
Following surgery, rats were injected intravenously with 150 uCi 
(is) ot (igo. ditececarercde and at suitable intervals were killed 


by decapitation. Nuclei were isolated from prostatic tissue and 


examined for content of radioactivity and of steroid-binding protein. 
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The incorporation of radioactivity by nuclei is plotted as a function 
of time in Fig. 5.5A (upper curve). The rate of uptake of qin 
androgens was greatest during the initial 30 min; afterwards, 
incorporation continued to increase in a linear fashion until 120 min 
but at a lower rate. Between 10 and 120 min the amount of dihydro- 
testosterone increased uniformly; by contrast, the amount of 
testosterone reached a maximum level of approximately 490 x 10° dpm 
at 60 min. Whether this implies that the nuclei are saturated or 
that the supply of testosterone from the cytoplasm is attenuated is 
not clear. As might be predicted from the failure of androstanediol 
to bind to cytosol receptor, this compound is not recovered from 
nuclei. 

The accumulation of Pr apererde receptor in the nucleus 
is plotted as a function of time in Fig. 5.5B (upper curve). Radio- 
activity associated with this fraction increased linearly from 50 x 10 
dpm at 10 min to 400 x 10° dpm at 60 min. Between 60 and 120 min 
there is a marked reduction in the rate of labelling such that the 
level attained at 120 min, 475 x 1 dpm, represents only a 20% 
increase over the level at 60 min. The percentage change is 
considerably lower than the 70% increase observed in the total 
nuclear level of radioactivity during the same interval. The steroid 
constituents of the steroid protein panes, as shown in Fig. 5.5B 
(lower curves), are dihydrotestosterone and testosterone. With 
increasing time the ratio of these two compounds changes from 1:1 at 


10 min to 2:1 in favour of dihydrotestosterone at 120 min. 
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Fie. 5.5. Iineorporation, of 3y-androgens by nuclei after the 
pulse injection of [1 , 2-H testosterone. The 
experimental procedure is described in the 
text. Purified nuclei were obtained as described 
in Chapter II and were extracted with Tris-EDTA 
butter, pH 7.0, containing (0.6 M NaCl. she 
amount of binding was determined by gel- 
filtration on Sephadex G-25. Samples of 
isolated nuclei and of nuclear receptor were 
assayed for radioactivity and the metabolites 
associated with each fraction was 
identified. Panel A, radioactivity and 
metabolites recovered in nuclei; panel B, 
in nuclear receptor. Total radioactivity 
(mean + S.E.) O———O ; dihydrotestosterone 


O————O_; testosterone @-——®O . 
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2. sPartial Purification of Nuclear Receptors 
using Cellulose Phosphate 


To determine whether the in vivo binding of androgens 
in nuclei is the same as under in vitro conditions, nuclei were 
examined for peaks of Pec ereweseroteis complexes on cellulose 
phosphate following the intravenous administration of 150 uCi of 
Ne Hitastocrerons to 24 hour castrated rats. After 10, 30 and 60 
min the animals were killed and nuclear extracts of prostate were 
prepared in the usual manner. When these extracts were analyzed on 
cellulose phosphate columns the results shown in Fig. 5.6 were 
obtained. Under in vivo conditions a single peak of radioactivity 
was observed and its position in the ionic gradient while differing 
from the cytosol Peak 2 was identical to the nuclear Peak 2a noted 
earlier (Fig. 4.9). The Teer ered constituents of this peak were 
dihydrotestosterone and testosterone in the same proportions as shown 
in Fig. 5.5. Unlike the in vivo cytosol binding data, there was a 
progressive increase in the size of this peak at 10, 30 and 60 min as 
might be expected if the accumulation of androgen labelled protein 
was dependent upon a rate limiting transfer reaction. No radioactivity 
corresponding to cellulose phosphate Peak 1 was detected in these 


experiments. 
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Demonstration of in vivo nuclear receptors on 
cellulose phosphate. The experimental procedure 
was identical to that described in the legend 
to Fig. 4,9, Purified nuclei from: 1 ¢ prostate 


were obtained as described in Chapter II and 


extracted with Tris-EDTA buffer, pH 7.0 


containing 0.6 M NaCl. The extract was applied 
to a 1 cm x 15 cm column of cellulose phosphate 
and the receptor complex was eluted with an 
ionic gradient consisting of Tris-EDTA buffer, 
pH 7.0 containing 0. to 0.6 M NaCl. Fractions 
of 4.2 ml each were collected and the radio- 
activity in each fraction was measured. 
Radioactivity recovered —— | 10 min; 


O--—-—-O 30 min; 4&————A 60 min. 
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Sie Chromatography of Nuclear Steroid-Receptors 
on Sephadex G-200 


The in vivo labelled nuclear receptors were next 
examined on Sephadex G-200 columns, 60 and 120 min after the 
intravenous injection of [1,2--H]testosterone. The samples were 
applied to a Sephadex G-200 column and eluted with Tris-EDTA buffer, 
pH 7.0, containing 0.6 M NaCl. The results shown in Fig. 5.7 reveal 
that the radioactivity was associated with 2 peaks. The smaller 
steroid-receptor complex (Stokes' radius v 24 A) accounted for most 
of the radioactivity isolated at 60 and 120 min. With increasing 
time there was a small increase in the amount of label associated 


with both peaks, 


4. The Effects of Freezing on Nuclear Receptors 


Because it was not always convenient to analyze in vivo 
labelled nuclear receptors immediately, experiments were performed 
to determine the effect of freezing on nuclear binding. Castrated 
rats were injected with 150 Wen of [1,2-"H] testosterone and then 
after an interval of 60 min were sacrificed. The prostatic nuclei 
were purified as before, frozen and stored for 24 hours at -10° C. 
After this period, the nuclei were thawed, extracted and then 
chromatographed on Sephadex G-200. The results shown in Fig. 5.8 
demonstrate that the freezing process drastically alters the 
character of the nuclear receptor complexes. After freezing, most of 


the bound radioactivity was eluted in the void volume of the column. 
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Demonstration of in vivo nuclear receptors on 
Sephadex G-200. Castrate rats were functionally 
hepatectomized immediately prior to receiving 
intravenous injections of 150 Ci of fi 2e a 
testosterone. Then 60 and 120 min later the 
rats were sacrificed and nuclei were isolated. 
Approximately 5 x 107 nuclei from each 
experiment were extracted with Tris-EDTA buffer, 
pH 7.0, containing 0.6 M NaCl and applied to a 
Sephadex G-200 column (1 cm x 90 cm). 

Fractions of 1.5 ml were collected after 
elution of the colum with 0.6 M NaCl in 

buffer. Radioactivity recovered; @————® , 


60 min; O--—-—@) eZ emin. 
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Effect of freezing on intranuclear binding. 
Approximately 5 x 107 nuclei, obtained 60 min 
after the intravenous injection of fo wie 
testosterone (150 uCi), were frozen for 24 
hours. At the end of this period, the 

nuclei were thawed and extracted with 0.6 M 
NaCl. The nuclear extract was then applied 
to a Sephadex G-200 column (1 cm x 90 cm) and 
eluted with Tris-EDTA buffer, pH 7.0 
containing 0.6 M NaCl. Fractions of 1.5 ml 


were collected and assayed for radioactivity. 
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Furthermore, the quantity of testesrotid associated with this peak 
increased 2 to 3 fold over the amount seen in this area of the 
column in control experiments (Fig. 5.7, 60 min). It appears, 
therefore, that freezing either causes aggregation of receptors or 
that it enhances the binding of the small intranuclear receptor to 


chromatin. 
oe Discussion 


Within 10 min after the injection of wale Sgt oatoeterone 
into castrated rats the binding of radioactive androgens to cytosol 
reaches a maximum and then remains nearly constant over a 2 hour 
period (Fig. 5.1B). The binding is specific in that only dihydro- 
testosterone and testosterone are bound in spite of the presence of 
Significant quantities of other androgens in the cytoplasm under these 
conditions (data not shown). On cellulose phosphate the steroid- 
receptors are recovered in the position of Peak 2 (Fig. 5.2), while 
on Sephadex G-200 the steroid-receptors are recovered in positions 
corresponding to Peak I and Peak II (Fig. 5.3). The relative recovery 
of Peaks I and II is strongly influenced by ionic strength and thus it 
seems reasonable to believe that both peaks probably represent different 
forms of the same receptor. A third peak is recovered when cellulose 
phosphate Peak 2 is incubated in the presence of Mager Hn ainydrorestox 
sterone and chromatographed on Sephadex G-200. This peak is shown as 
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The nucleus contains steroid-receptors that 
chromatograph on cellulose phosphate in a position slightly 
different from the steroid-receptors of cytosol and accordingly 
have been defined as Peak 2a receptors to distinguish them from the 
cellulose phosphate Peak 2 cytosol receptors (Fig. 5.6). On 
Sephadex G-200 the nuclear receptors are recovered in positions 
corresponding to Peak I and Peak III (Fig. 5.7) and the relative 
recovery in Peak I is increased by freezing (Fig. 5.8). 

The similar behaviour of Peak 2 and Peak 2a 
receptors on cellulose phosphate suggests that these molecular 
entities are closely related. The time dependent increase in radio- 
activity associated with Peak 2a (Fig. 5.6) indicates that this 
peak represents the principal intranuclear steroid-receptor. The 
Sephadex Peak IIt complex recovered in the nuclei probably 
corresponds to cellulose phosphate Peak 2a. The fact that the 
former complex disappears after castration (Fig. 4.10) and is 
induced by injections of we Filbesiad ke mane is in keeping with the 
idea that androgens are transferred from cellulose phosphate Peak 2 
of the cytosol to cellulose phosphate Peak 2a (also Sephadex Peak III) 
of the nucleus. Although the significance of Sephadex Peak I of the 
nucleus is unclear, several speculative considerations appear 
worthwhile at this time. Sephadex Peak I may represent an intranuclear 
site which binds free steroid; equally, it may represent an intranuclear 
acceptor site that binds steroid-receptor complex; there remains the 
possibility that it represents aggregates of Sephadex Peak III 


receptor as suggested by the effects of freezing. 
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CHAPTER VI 


IN VIVO PULSE-CHASE STUDIES 
A. Introduction 


The studies described in Chapter V indicate that 
in vivo both testosterone and dihydrotestosterone bind to specific 
cytosol and nuclear receptors. ubreowentlit is possible to infer 
from the results that androgens are transferred from a cellulose 
phosphate Peak 2 receptor in cytosol to a cellulose phosphate 
Peak 2a receptor (or Sephadex Peak III receptor) in nuclei. To 
gain further insight into the process which promotes the 
incorporation of androgens into nuclei, an in vivo pulse-chase 
procedure was dceeplopaat It was expected that this method would 
provide a means of following the sequential transfer of androgens 
from the cytoplasmic to the cellular nuclear compartments. If the 
cytosol receptors migrate from one compartment to the other, one 
would predict that a chase dose of unlabelled steroid would cause a 
decrease in the radioactivity associated with previously labelled 
cytosol receptors; the transfer of a pulse of radioactivity into the 
nucleus and its subsequent clearance could be followed in a logical 
sequence. On the other hand, if cytoplasmic binding and incorporation 
of steroids into nuclei are independent of one another then 
presumably there would be no correlation between chase-effects on 


cytosol and nuclei. 
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Pulse-chase methods were also used to study the action 
of anti-androgens, such as cyproterone acetate, in displacing 


natural androgens from steroid-receptors. 
B. Materials and Methods 


1. Pulse-Chase Procedures 


Functionally hepatectomized, castrated rats were injected 
intravenously with 150 uCi (1 ug) of [1,2="H] testosterone. Then 
10 or 60 min later each animal received an intravenous dose of 250 ug 
of unlabelled steroid in 250 us of distilled water containing 10% 
polyoxyethylene sorbitan monopalmitate and 5 to 10% ethanol. 
Following a second interval of 10 to 120 min the rats were killed 
and the prostatic tissue was fractionated as described in Chapter II. 
Binding was determined by gel-filtration on Sephadex G-25 except 


where stated otherwise. 


GS Results 


1. Effects of the Size of Pulse on the Incorporation 
of J isteroide into Prostatic Cytosol and Nuclei 


Before pulse-chase studies were conducted it was 
necessary to evaluate the effectiveness of chase doses of the 
appropriate steroids. Experiments were performed to measure the 
concentration of steroid in prostatic cytosol and nuclei after the 
intravenous injection of [1,2-*H]testosterone, [1,2~°H] dihydro- 
testosterone and 66,7 Hlestadiol. Poth bee (Sp. acte<150 uCi/ Pie) 


and 250 ug (Sp. act. 150 uCi/250 ug) doses of Hoeceroid were tested 
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and the results are presented in Table 6.1. At 60 min after injection 
Of 1 ye, of pie eee ee one. 4,01 + 0.21 pmoles (mean + S.E.) of 
os tenoid Were Lecoveved in the cytosol; tatter tthe injection of 1 yg 
of (6, 7- Heat ead tout Wee. 4.24 + 0.29 pmoles of Pesce ord were 
recovered in the same fraction. When radioactive testosterone and 
estradiol were injected in doses of 250 ug, the amount of s#steroid 
in cytosol increased proportionately to 1250 + 160 and 1052 + 68 
pmoles respectively. An injection of 250 ug of lime ani dane ro= 
testosterone produced a level of 867 + 41 pmoles which was comparable 
to the level achieved with 250 yg doses of the other steroids tested. 
Therefore one might expect that a chase dose of 250 yg of either 
testosterone or dihydrotestosterone would effect an approximate 250- 
fold dilution of the metabolites derived from a pulse injection of 1 yg 
of Fi) 39" Pitearoscerone: Identification of the metabolites of ONG ae 
testosterone in the 4 subcellular fractions listed in Table 6.1 revealed 
that there was no change in the relative amounts of testosterone, dihydro- 
testosterone and androstanediol after the injection of 1 yg or 250 ug of 
lie 2-"R) testosterone. 

From the data shown in Table %@.1, column 2 it can be 
seen that the amount of oponeereid bound to cytosol protein 
increases from levels holler 1 pmole after the injection of 1 ug of 
aoarerotd to levels between 18 and 31 pmoles after the injection of 
250) ligtot restora While the injection of either fa, ay 
testosterone or [1,2-"H] dihydrotestésterone produces similar levels of 
binding, the injection of [6,7—-H] estradiol supports less binding than 


the androgens at 1 ug and more binding at 250 ug. 
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The effect of dose on the uptake and binding of 
steroids by nuclei is noun in Table 6.4: columis 3 and 4. Levels “of 
9.20 + 1.14 pmoles and 4.05 +0.30 pmoles were established for 
incorporation and binding respectively by the injection of 1 yg of 
eo i eeerecter ana: These levels increased slightly to 18.10 + 
3.10 pmoles and 6.02 + 0.20 pmoles after the injection of 250 yg of 
[1,2--H]testasterone. However, the approximate doubling of the 
values represents a diminutive response in comparison to the 300-fold 
increase in the concentration of cytoplasmic steroids. Undoubtedly 
the results reflect the considerable difference in the permeability 
of plasma and nuclear membranes. Whereas there is little or no 
restriction to the diffusion of androgens across the plasma membrane, 
the transfer of these compounds across the nuclear membrane is 


decidedly limited. 


Doses consisting of 250 ug of io widihydrotestostarone 


OF Of [el7- nu lesueadie! produced levels of oy eeeera Gd in nuclei of 
11.83 + 0.31 pmoles and 10.00 + 3.01 pmoles respectively (Table 6.1, 
column 3), slightly lower than the levels produced by eae 
testosterone. It is clear therefore that estradiol is incorporated by 
nuclei as efficiently as dihydrotestosterone at the higher dose. The 
amount of binding after the injection of 250 ug of [1,2-"H]dithydro- 
testosterone at 4.74 + 0.51 pmoles was approximately the same as that 
achieved with an injection of [1,2-°H] testosterone but about 1/2 to 1/3 
of that amount of binding was produced by the injection of 250 ug of 


ip ie mlesteac iat 
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2. )HELECCE OF Chasing on the Incorporation of 3H-Androgens 
into Cytosol 


Experiments were next performed to investigate the 
turnover of poetenatae in cytoplasm and nuclei. Rats castrated 24 
hours previously were injected with 150 uCi (1 ug) of foe Hl tescoe 
sterone. This injection was followed 10 min later by a second dose 
or, 250) ie 0k unlabelled testosterone. At intervals of 10, 20, 60 and 
120 min after the second dose, the rats were killed and the prostatic 
tissue was fractionated as before. 

The effect of the chase procedure on the cytosol 
fraction is shown in Fig. 6.1A (upper curve). The uptake of 
radioactivity into cytosol was not unlike that observed in pulse 
experiments (Fig. 5.1A), and no striking departures in the relative 
amounts of the three principal metabolites were evident. 

As shown in Fig. 6.1B the 3y-androgens bound to 
cytosol protein display a greater sensitivity to a chase dose of 
testosterone than does the complete cytosol fraction. Within 10 min 
following the administration of unlabelled testosterone an amount 
of radioactive steroid equivalent to 55 x 10" dpm is lost from the 
Sel eeer oli recen tot fraction. 

“When cytosol extracts from pulse-chase experiments 
were examined on cellulose phosphate columns the amount of radioisotope 
recovered in association with proteins was extremely small and was 
confined entirely to the Peak 2 area. In qualitative respects, 


therefore, the cellulose phosphate chromatograms were similar to those 
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Fig. 6.1. Effect of chasing on the incorporation of eye 


androgens into-cytosol. Rats castrated 24 hours 
previously were functionally hepatectomized and 
injected with 150 uci (1 ug) of fieoe a |peacoste a ee 
This injection was followed 10 min later by a 
second injection of 250 ug of unlabelled 
testosterone as marked by the arrow on the abscissa. 
At. intervals of 10, 20, 60 and 120 min after the 
second dose, the rats were killed and the 
prostatic tissue was fractionated as described in 
Chapter II. Cytosol and cytosol receptor 
fractions were assayed for radioactivity and 
metabolites were identified. Panel A, radio- 
activity and metabolites recovered in cytosol; 
panel B, in cytosol receptor. Total radioactivity 
(mean + S.E.), O———O ; dihydrotestosterone 
O-——--——_O’'| ; testosterone @———®@ ; 
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obtained in pulse experiments (Fig. 5.2). Examination of cytosol 
receptors on Sephadex G-200 columns, however, revealed that chasing not 
only reduces the quantity of bound radioactivity but also alters the 
distribution of *Weceroids (Fig. 6.2). In.contrast to the results 
obtained in pulse experiments (Fig. 5.3), in which no binding was 
detected in Sephadex Peak III, trace amounts of this type of receptor 
were labelled in pulse-chase experiments. The results shown in 

Fig. 6.2 thus imply that Sephadex Peak II (or Peak I) receptor gives 


rise to Sephadex Peak III receptor in vivo. 


3. Effects of Chasing on the Incorporation of 
3H-Androgens into Nuclei 


The effect of a chase injection of unlabelled 
testosterone on the incorporation of Syeandeseens into nuclei was 
studied next and the results are plotted in Fig. 6.3A. Except for 
the small initial increase from 195 x 10° dpm at 10 min to 245 x foe 
dpm at 30 min, the uptake of radioactivity was rapidly and 
completely inhibited by the administration of chase (compare to 
Fig. 5.5A). Moreover, the constancy of the amount of radioactive 
label retained by nuclei between 30 min and 130 min indicates that 
there was no flux of pulse-derived 7H-androgens into or out of the 
nucleus. The reciprocal change in the amount of testosterone and 
dihydrotestosterone and the slight accumulation of dihydrotestosterone 


with increasing time are presumably manifestations of the intra- 


nuclear metabolism of testosterone (Fig. 6.3A, lower curves). 
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Fig. s602 


Chromatography of cytosol steroid-receptors on 
Sephadex G-200 after pulse-chase sequence. Rats 
castrated 24 hours previously were functionally 
hepatectomized and then injected with 150 yuCi 

(1 ue) 19s Hy veer ost erone” After 10 min the 
animals received an intravenous injection of 
unlabelled testosterone (250 wg), and were 
sacrificed after a further 20 min period. 
Cytosol, isolated from 1 g of prostate, was 
precipitated with ammonium sulphate (80% 
saturation) and then applied to a Sephadex G-200 
column (1 ecm x 90 cm). Fractions of 1.5 ml 
were eluted from the column with Tris-EDTA 
buffer, pH 7.0, and the radioactivity in each 


was measured. 
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Fig. 6.3. Effect of chasing on the incorporation of 3y-androgens 
into nuclei. Rats were treated as described in the 
legend to Fig. 6.2. Purified nuclei were 
extracted and analysed as described in Chapter II. 
Fractions containing nuclei and nuclear receptor 
were assayed for radioactivity and metabolites were 
identified. Panel A, radioactivity and metabolites 
recovered in intact nuclei; panel B, in nuclear 
receptor. Total radioactivity (mean + S.E.) 
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The outcome of a chase injection of unlabelled 
3 ; : 
testosterone on nuclear ~H-steroid-receptor was examined and a much 
different result was obtained as shown in Fig. 6.3B (upper curve). 


During the 10 min immediately following the administration of chase, the 


3H-steroid in the receptor fraction increased from 48 x 10° 


dpm to 108 x 107 dpm representing a net accumulation of 60 x 10° dpm. 


level of 


Immediately following the peak at 20 min the level of 3H-steroid in 
the receptor fraction declined rapidly to 53 x vo? dpm at 70 min and 
thereafter did not change significantly. The decline in binding of 
Sera dcoee te appears to result from the displacement of both 
testosterone and dihydrotestosterone as can be seen from the lower 
curves of Fig. 6.3B. Beyond the 70 min interval, however, more 
testosterone was displaced than dihydrotestosterone and the relative 
amount of the latter in the receptor fraction actually increased. 
The striking similarity in the amount of PH_andrépens lost from 
cytosol “teat eeed tect baat complex (55 x 10° dpm) and 
simultaneously gained by the nuclear Hesteroid=reteptor complex 


3 dpm) constitutes 


(60 x 10° dpm) and by isolated nuclei (50 x 10 
strong albeit indirect evidence that Sie ee rede has been 
transferred from one receptor to the other and that the incorporation 
of androgenic compounds by nuclei is wholly dependent on such a 
transfer reaction. 

With reference to the data in Table 6.1, columns 3 and 
4 (injection of 250 wg of testosterone) it is possible to estimate 


; 3 : 
the dilution of specific radioactivity of the pulse-derived ~“H-steroid 


caused by the chasing procedure. For example, 1 hr after the chase 
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injection of testosterone the total amount of steroid in nuclei is 
18.10 pmoles while the amount of radioactive steroid in nuclei is 

only 2.25 pmoles. Similarly the amount of steroid in the receptor 
fraction is 6.02 pmoles but only 0.53 pmoles is present as radioactive 
material. From these values it is clear that the chasing procedure 
reduces the specific radioactivity of the pulse derived eeeencne 

8 to 11 fold in isolated nuclei and in the steroid-receptor complex. 
Since there appears to be a restriction on the amount of steroid taken 
up by nuclei, this dilution of specific radioactivity probably 
represents the maximum that can be achieved under the experimental 
conditions described. The absence of further dilution of specific 
radioactivity may explain why the amount of pHeaeecoid in the 

receptor fraction at 70 and 130 min is the same (Fig. 6.3B). 

Nuclear extracts obtained after a 20 min chase interval 
were chromatographed on cellulose phosphate. The results of this 
analysis are shown in Fig. 6.4. After a 10 min pulse with Kee 
testosterone (1 ug) and a 20 min chase with unlabelled testosterone 
(250 ug), most of the radioactivity was recovered in Peak 2a and a small 
amount in Peak 1. Thus after a short chase interval most of the 
binding was to the carrier form of receptor. 

To investigate this phenomenon further, nuclear extracts 
isolated after the pulse-chase sequence were chromatographed on 
Sephadex G-200. Fig. 6.5 shows the radioactive profile observed when 
nuclear extracts obtained after a 60 min chase were examined in this 


fashion. More MiLeteraid is recovered in Peak I (void volume) of the 
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Fig. 6.4. 


Chromatography of nuclear receptors on cellulose 
phosphate after pulse-chase sequence. Rats, 
castrated 24 hours previously, were functionally 
hepatectomized, and injected with 150 uci (1 ug) 
of [1,2-°H] testosterone. After 10 min the 
animals received an intravenous injection of 
unlabelled testosterone (250 ug). After a chase 
interval of 20 min the rats were killed and the 
prostatic nuclei were isolated. Approximately 
Dyes. 107 nuclei were extracted with Tris-EDTA 
buffer, pH 7.0, containing 0.6 M NaCl, desalted, 
and applied to cellulose phosphate columns 

(1 cm x 15 cm). The elution of proteins was 
performed in the same manner as in pulse 
experiments with an ionic gradient consisting of 
Tris-EDTA buffer, pH 7.0, containine’ 0 to 0.3 M 
NaCl. Fractions of 4.2 ml were collected and the 


radioactivity in each was measured. 
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Fig. 6.5. Chromatography of nuclear receptors on Sephadex G-200 
after pulse-chase sequence. Castrate rats were 
functionally hepatectomized and injected with LO 
pCL of iin] Hlipesteererene Cl VeeotOemineiater 
each was injected with unlabelled testosterone 
(250 ug). After a further 60 min the rats were 
killed and the prostatic nuclei isolated. 
Approximately 5 x 107 nuclei were extracted with 
Tris-EDTA buffer, pH 7.0, containing 0.6 M NaCl, 
and applied to a Sepahdex G-200 column (1 cm x 90 cm). 
Fractions of 1.5 ml were eluted with the above 
NaCl solution and the radioactivity in each was 


determined. 
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column than in Peak III. When these data are compared to those obtained 
in pulse experiments (Fig. 5.7) it is apparent that under chase 
conditions the relative amounts of radioactivity in the two peaks 


shifts in favour of the larger molecular species. 


4.8 Effects mf Extending the Pulse Interval 


In previous pulse-chase experiments, a pulse interval 
of 10 min proved sufficient to label nuclei and nuclear binding protein 
and under the conditions of the experiments no release of PHset droid 
from the nucleus was detected (see Fig. 6.3A). Further experiments 
were carried out in order to determine whether discharge could be 
demonstrated by allowing more 3y-steroid-receptor to accumulate in 
nuclei before the administration of chase. The effect of extending 
the pulse interval to 60 min is shown in Table 6.2. From the data 
listed in column 1 it is evident that incorporation of PHasteroid into 
nuclei after 60 min of chase (1023 x 10° dpm) was slightly above the 
value attained after 60 min of pulse (920 x 10° dpm) although the 
results were not statistically different; the mean recoveries om He 
steroid in the receptor fraction at corresponding times also did not 
differ. Qualitatively these results are similar to those reported 
in Fig. 6.3A, and again the attempt to demonstrate discharge of Pua 
steroids from the nucleus was not successful. 

Examination of the metabolites recovered in the various 
fractions of prostate (Table 6.2, columns 2 and 3) indicate that 
following chase the amount of testosterone in nuclei and the nuclear 


receptor fraction was substantially below the 60 min and 120 min 
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control levels. As there was no demonstrable loss of ade erode 
from the nucleus during the experiment, it appears reasonable to 
believe that testosterone was metabolized to dihydrotestosterone 
accounting for the increase in the ratio of dihydrotestosterone: 
testosterone from 1:1 after a pulse interval of 60 min to more than 
4:1 after the pulse-chase sequence. An alternative but less likely 
explanation is that the increased dihydrotestosterone associated 
with the nuclear fractions results from the selective uptake of this 
steroid accompanied by the coincident loss of testosterone from the 


nucleus. 


5. Effect of Chasing with Dihydrotestosterone on the 
Incorporation of 3H-Androgens into Cytosol and Nuclei 


Since dihydrotestosterone is a highly potent androgen 
in rat prostate and since it is also the predominant metabolite in 
prostate, experiments were conducted to determine whether or not 
dihydrotestosterone is a more effective chase material than 
testosterone. Rats castrated 24 hours previously were injected with 
ESO uC: “Cl les os ooh irect sce rens and 10 min later were 
injected with 250 ug of unlabelled dihydrotestosterone. After 
further intervals of 10 and 60 min the rats were killed and 
appropriate cytosol and nuclear fractions were assayed in the usual 
manner. Fig. 6.6 shows the results of these experiments. An 


immediate but transient arrest of evecteroid uptake occurred in 


cytosol and the level of radioactivity at 70 min was almost identical to 
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Effect of chasing with dihydrotestosterone. Rats 
were treated as described in the legend to Fig. 6.3, 
except that the chase injection was dihydrotesto- 
sterone instead of testosterone. Cytosol and 
nuclear fractions were assayed for radioactivity 
and metabolites were identified by thin-layer 
chromatography. Total radioactivity, (mean + S.E.), 
o———-O 1; dihydrotestosterone, O-———O ; 
testosterone @———® ; androstanediol 
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the level reached when eae was used as chase (Fig. 6.1). At 
this time the amounts of testosterone and dihydrotestosterone in 
cytosol were also virtually the same as the amounts obtained in the 
experiment with testosterone. Dihydrotestosterone caused an initial 
sharp reduction in the amount of 3H-steroid associated with cytosol 
receptor and as expected there was a reciprocal increase in the 
amount of fuveeave id in the nuclear receptor fraction, Although the 
10, -20,, and /0.min levéls of Westeroid in nuclei did not differ 
significantly, the mean level increased slightly during the 10 min 
period immediately following the injection of chase. Dihydrotesto- 
sterone was less effective than testosterone in displacing pat enerora 
from the nuclear receptor between 20 min and 70 min. On the other 
hand, the tendency towards disappearance of testosterone from nuclei 
and from nuclear receptor was comparable to the trend observed in 
Eig. 6.4, and in Table 6.2 with testosterone. In the present case, 
however, the significance of this observation is less certain since 
the small decline in the mean level of nuclear radioactivity over 
the duration of the experiment is consistent with the possibility 
that testosterone is selectively released from the nucleus following 


a chase injection of dihydrotestosterone. 


6. Effects of Estradiol, Cyproterone Acetate and 
Epitestostérone on the Intracellular Transport of Androgens 


It has been suggested that estradiol may antagonize 
the action of androgens at the cellular level by inhibiting the 


conversion of testosterone to dihydrotestosterone (Shimazaki et al., 
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1965; Farnsworth, 1969; pCroomjet al., 1971; deav et al., 1971), or 
by preventing the association of androgens to cytosol receptors 
(Fang et al., 1969). Cyproterone acetate is another agent which 
induces an involutional effect on the growth and gondeieh of male 
accessory reproductive tissues (Neumann and Von Berswordt-Walbrabe, 
1966) and is thought to cause this effect through competitive 
inhibition of the intracellular binding of androgens (Stern and 
Eisenfeld, 1969; Belham and Neal, 1971; Mangan and Mainwaring, 
1972). Epitestosterone is a relatively inactive androgen but has 
been reported to inhibit the metabolism of testosterone in vitro 
(Frederiksen and Wilson, 1971). Each of these compounds was 

tested for capacity to interfere with the transfer of steroids from 
cytosol receptor to nuclear receptor. The results of experiments in 
which the pulse injection of 150 uCi (1 ug) of [1,2-9H] testosterone 
was succeeded 10 min later by a chase injection of 250 ug of test 
compound are shown in Table 6.3. Values obtained 60 min after the 
administration of chase were compared with values expected in the 
absence of chase as obtained from Fig. 5.1 and Fig. 5.5. 

The mean levels of 3y-androgens in cytosol after 
chase injections of estradiol, epitestosterane, and cyproterone acetate 
were identical and did not differ significantly from the mean level 
after the chase injection of testosterone. However, the amount of 
44-steroid in the cytosol receptor fraction was reduced by 54%, 392, 


and 54% relative to control following chase injections of estradiol, 
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epitestosterone, and cyproterone acetate respectively; none of these 
compounds was as effective as testosterone which produced a 

reduction of 78%. From the remaining data in Table 6.3 it is evident 
that the reduction of oa cderond in nuclei and in the nuclear receptor 
oe almost parallels the reduction of ertereror. in the cytosol 
receptor fraction and again it is clear that the most profound 
changes are induced by testosterone. A final point that merits 
emphasis is that the reduction of etd idee ahs in nuclear receptor 
caused by estradiol is equivalent to 1.49 + 0.10 pmoles which is 
virtually the same quantity of estradiol recovered in this fraction 
following the pulse administration of 250 yg of id, PSapestradner 
(Table 6.1). This result would be predicted if estrogens and 
androgens were bound to the same nuclear receptor. 


PapeeatOaterane was examined 


The metabolism of [1,2- 
in this series of experiments as well and no significant change was 
observed in the recovery of radioactive testosterone, dihydro- 
testosterone, and androstanediol after the chase injection of any of 
the test compounds listed in Table 6.3. Consequently the antagonistic 
action of estradiol and cyproterone acetate at the cellular level is 
probably not expressed through any alterations in the activity of 
enzymes involved in androgen metabolism. Rather, it is more likely 
that such action is explained on the basis of inhibition of the 


binding of testosterone and dihydrotestosterone to cytosol and 


nuclear receptors. The behaviour of epitestosterone is compatible with 
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that of an androgen antagonist insofar as it also inhibits both the 
binding of testosterone and dihydrotestosterone to cytosol receptor 


and the transport of these steroids into the nucleus. 


fee The Metabolismof [6,7--H]Estradiol in Rat Prostate 


The metabolites of 16, 2- Hleae radian appearing in 
prostatic cytosol and cytosol receptor 60 min after the injection of 
1 ug and 250 ug of steroid were identified in order to assess the 
possibility that the inhibitory action of estradiol is promoted by 
another estrogenic compound. As shown in Table 6.4 more estrone than 
estradiol was recovered in the cytosol and cytosol receptor fractions. 
A small amount of estriol was present as was a significant amount of 
unidentified material described as "other". Preliminary analyses of 
Same retoid recovered in nuclei suggest that only estradiol is present 
in the nuclear fraction. On the basis of available information no 
judgement can be reached as to the contribution of estrone to the 
anti-androgenic effect of estradiol; in this respect, however, it 


is clear that the potential action of estrone should not be overlooked. 


D; Discussion 


In these experiments the transport of androgens in 
rat prostate was studied in vivo with the use of a pulse-chase 
method. Fractions of cytosol and nuclei were labelled by a pulse 


injection of 150 CL. Cig) cat [1,2--H] testosterone and this operation 


was followed by a chase injection of 250 pg of unlabelled testosterone. 
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In most experiments the first and second injections were separated 
by a 10 min interval. It was calculated that this experimental 
design yielded a significant reduction in specific radioactivity of 
pulse derived oteatcenaae namely an approximate 250-fold dilution in 
the cytosol and an 8 to 11-fold dilution in the nucleus 60 min after 
the administration of chase. Since there was no change in the relative 
amounts of testosterone, dihydrotestosterone and androstanediol 
after the injection of 1 ug or 250 ug of idee eBieceboaucrons it was 
reasonably certain that the degree of dilution of intracellular 
androgens derived from testosterone was similar. 

A large difference between the permeability of the 
plasma and nuclear membranes was demonstrated by two findings. 
First, the amount of steroid incorporated by cytosol was proportional 
to the dose of steroid injected whereas no direct relationship was 
found between seu and uptake of steroids by nuclei (Table 6.1). 
Secondly, the apparent dilution of specific radioactivity of pulse 
derived Piestencie in nuclei was greatly exceeded by the dilution 
in cytosol (Fig. 6.1 and 6.3). It seems certain, therefore, that the 
passage of steroids through the plasma membrane is explained in terms 
of a passive diffusion mechanism as has been assumed in the past 
(GLlorgi»et.al.,.1971;,Munck, 1971) »veThe passage, of asteroids through 
the nuclear membrane, however, is indentifiable as an active 
transport mechanism on the basis of both the relative saturability of 
the system (Table 6.1) and the accumulation of steroid in nuclei 
against a chemical gradient. The latter result can be deduced from 


examination of the data presented in Figs. 5.1 and 5.5 of Chapter V 
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which clearly showed that at 30, 60 and 120 min after the injection 
GELLSOMICHeC ye) of fi 2 widestoseerone the amount of Auda Bowen 

in nuclei steadily increased over the amount in the cytoplasm. This 
evidence along with the inability to demonstrate counter-transport 
(Fig. 6.3 and Table 6.2) rules owt the possibility that steroids are 
transferred into the nucleus by facilitated diffusion. Two 

additional findings are in keeping with active transport, namely 

that testosterone and dihydrotestosterone are transferred 
quantitatively from a cytosol receptor to a nuclear receptor of 
slightly different structure (compare Peak 2 and Peak 2a; also 

Fang et al., 1969) and that these steroids are released from the 
steroid-receptor complex after penetrating the nucleus (Fig. 6.3B). 

In effect it would seem that the steroid-receptor complex represents 

a true carrier-substrate complex formed on one side of the membrane 
and modified on the other in such a way that the carrier has lowered 
atfinitwetor ies sibsetravei(Gtein, 1967) Kaback, 01972). wi Iltis. alse 
tempting to suggest that the apparent trapping or retention of 
steroids by the nucleus results from the conversion of steroid from a 
bound, transportable form to a free, non-transportable form. No 
judgement can be reached, however, as to whether steroids exist in a 
free form as such or whether they are bound to low-affinity intranuclear 
receptors. Neither is there sufficient data to assess the possibility 
that the carrier returns to the cytoplasm to initiate another 
transport cycle as has been proposed for the transport of glucocorticoids 


(Munck etual., 919723 (shidtetal.5 1972). 
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The dilution of the specific radioactivity of 
intranuclear te wevonia in pulse-chase experiments results in the 
partial disappearance of He se Sisailid from the steroid-receptor complex 
(Fig. 6.3B). This effect is probably related to the intranuclear 
mixing of labelled and unlabelled steroid and provides indirect proof 
of exchange of steroids between a bound and free compartment. 

Further suggestive evidence of a free compartment is obtained from the 
results of experiments on the incorporation of ei andredeac by nuclei 
after the pulse injection of mio geniteeeeverone shown in Chapter V, 
Big wtSiSec Eromsavcomparisonsof Fig. 5.5A.and Fig. 5.5Biit is readily 
apparent that the fae tied of intranulcear steroid recovered in the 
nuel eavunéeceptormitactionndis: close sto 304 «(mean of +2525..27%4 5) 432 ;%and 
32% is equal to 32%) at each time point indicated. Since this 
fraction never exceeds 43% of the total steroid in the nucleus the 
question arises as to whether the unbound steroid originates 
anomalously from the breakdown of steroid-protein complex during gel- 
filtration or whether indeed it represents a physiological compartment 
of steroid. In regards to the former possibility, when appropriate 
corrections were made for artifactual dissociation of in vitro 
labelled receptors (Chapter III, Fig. 3.2) only a small percentage of 
the bound steroid dissociated as a result of passage through Sephadex 
G-25 columns. Assuming then that the latter possibility is valid, it 
is clear that either free steroid is derived from the steroid-protein 


complex or it enters the nucleus through other unidentified pathways. 
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Despite the lack of complete parallelism in the kinetics of 
incorporation of steroids by aida and of the accumulation of 
Ssteroid-receptors) by:nuclei)(Chapter V,,Fige 5.5),.thesemresults 
are compatible with the view that the development of the compartment 
of free steroid is conditional to the appearance of steroid 
receptors complex in the nucleus. Since the 8-fold increment in 
total nuclear steroid between 10 and 120 min (Fig. 5.5A) is nearly 
equal to the concomitant 10-fold increment in binding (Fig. 5.5B), 
and since the relative proportion of free steroid is usually 
maintained at about 70% of the total intranuclear steroid, it is 
therefore possible to define a relationship between free steroid and 
the amount of binding. Such a correlation is not surprising if the 
uptake of steroids by nuclei is dependent on an active transport 
process where there is a phase of rapid dissociation of the carrier- 
steroid complex. The dependence of intracellular transport on the 
carrier function of steroid-receptors is also suggested by several 
lines of evidence obtained from work on hormone sensitive and 
insensitive cells showing that the uptake of steroids by nuclei is 
not achieved in the absence of appropriate binding proteins (Bullock 
sndiBardin}»1970; Baxter. et -alsj;.1970;,0hne 6eyal., Loni Butlocketwal., 
1971; Rosenau et al., 1972; McGuire et al., 1972; Shyamala, HOT 2% 
Goldstein and Wilson, 1972). 

A peculiarity of the androgen carrier-protein is that 
it fails to form a complex with any potent natural androgen other than 


testosterone or dihydrotestosterone. Biologically active compounds 
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such as androstanediol, androsterone, androstanedione and 
androstenedione are seldom found in the prostatic nucleus 
(Bruchovsky, 1971), as a rule do not bind to cytosol receptor, and 
probably undergo enzymatic conversion to dihydrotestosterone before 
they are active (Bruchovsky, 1971). One may reasonably suspect 
therefore that the intracellular transport of androgens is 
conditional on the nature of the substrate as well as on the 
availability of suitable carriers. 

When the cytosol receptors, labelled under pulse- 
chase conditions, were chromatographed on cellulose phosphate columns 
the protein bound radioactivity was found exclusively in the Peak 2 
fractions. However, when these extracts were chromatographed on 
Sephadex G-200 the resultant profile of radioactivity was 
different than that observed in pulse experiments (Fig. 6.2). In 
addition to Sephadex Peak I and Peak II complexes Piast etude were 
also found in association with Sephadex Peak III receptors. Thus it 
appeared that the label was chased either from Peak III to Peak Il 
and Peak I receptors, or conversely, from the Peak II and Peak I to 
Peak III receptors. Since in pulse experiments most of the 
radioactivity in nuclei is recovered in the Sephadex Peak III fraction 
(Fig. 5.7), and since there is considerable evidence to suggest that 
the nuclear receptor originates in the cytoplasm it is more likely 
that cytosol Peak III receptor is formed from cytosol Peak II 


(or Peak I) receptors. 
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Examination by column chromatography of the nuclear 
receptors formed in the pulse-chase experiments revealed that when the 
chase interval was extended to 60 min there was an increase in the 
relative proportion of Heareroid recovered in Sephadex Peak I as 
compared to that found in Sephadex Peak III (Fig. 6.5). After a chase 
of 20 min most of the bound radioactivity was observed in Peak 2a 
fraction obtained by cellulose phosphate chromatography (Fig. 6.4). 
‘The results are therefore compatible with the idea that there is a 
steroid-acceptor or a steroid-receptor-acceptor site in the nucleus 
which is distinct from the steroid-receptor. The latter appears to 
function as a carrier molecule in the transport of androgens from 
cytoplasm to nuclei. 

A final point that merits emphasis is the finding that 
estradiol is incorporated by prostatic nuclei and appears to be 
bound to the same receptor which binds testosterone and dihydro- 
testosterone (Table 6.1). Since estradiol is not known to mimic the 
action of androgens on prostatic epithelial cells, it seems that the 
presence of receptor in the nucleus in the absence of testosterone 
and dihydrotestosterone is not a sufficient stimulus to initiate a 
physiological response. Because the data suggest that the action of 
cyproterone acetate is similar to that of estradiol (Table 6.4) 
consideration should be given to the possibility that the action of 
anti-androgens such as estradiol and cyproterone acetate is based on 
their ability to induce the formation of inactive complexes which 


migrate into the nucleus. Saturation of the nucleus with such 
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complexes or the resultant depletion of receptors in cytosol would 
account for certain aspects of chemical antagonism to androgens. 


Other compounds such as epitestosterone may produce similar 


effects. 


i Ni hosing veanl 


N a ; : 
rr, Seer erent | i 4 ma i 
SF Rec Alen Gotha de fe J ane 
vied ae fa es in’ inlanans 
oe es nese W714i, eo 
aaah ) ee rs oF een hee 
ree ey rsa | 
. i iaelee gitivngs . ws i 
7 hell! 


jig Al ad ela a 
iets.) wala aN eee 
Nib ale papain’ beac 


1) vy 


POE CN tellin: Nea ee ita hie se 
oe ree og aloe 


i ai «8 Paievanet yi ee i 
thie fy bihieea as ‘pie a ue un 

mar (ne iit dbs on ihe ahead ‘sepia 
| nie a hime wah ‘eal peau 
pte ae sai tn aie 


we 
en a + ae ie ie ne if 
W » ane “ fa 


dar aan Mahal im r4 


les es hott ods fe ‘ wis . 


i Pa 


fr 
R 
’ ' : 


; ey 


CHAPTER VII 
DISCUSSION 


This investigation was designed to elucidate two aspects 
of the early action of androgens in rat prostate. One principal 
objective was concerned with the identification of intracellular- 
receptors and the homology between cytoplasmic and nuclear forms. A 
second principal objective was concerned with the function of 
steroid-receptors in cytoplasm and nuclei. The results of in vitro 
experiments presented in Chapters III and IV provided evidence that 
steroid-receptors assume several configurations in tissue and that 
not all forms are common to both the cytoplasm and nucleus. Further- 
more, the results of in vivo experiments presented in Chapters V and 
VI indicated Sere vee are fewer configurations in vivo than in vitro. 
The use of pulse-chase experiments as described in Chapters V and VI 
éstablished that certain of the steroid-receptors appear to function 
as carrier molecules in the transport of testosterone and dihydro- 
testosterone across the nuclear membrane. In the following discussion, 


these observations and related conclusions are reviewed in detail. 


a in Vitxo Studies 


Results of in vitro experiments indicated that at least 
4 types of receptor proteins were present in prostatic cytosol. These 


were distinguished on the basis of their relative elution 
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characteristics from cellulose phosphate and Sephadex G-200 columns. 
The chromatography of cytosol protein labelled in vitro with [1,2-°H] 
dihydrotestosterone yielded two peaks of radioactivity (Peaks 1 and 
2 in Fig. 4.1). When these peaks were reincubated and then subjected 
to Sephadex G-200 chromatography it was found that cellulose 
phosphate Peak 1 contained a receptor protein which had an apparent 
Stokes' radius of 48 A (Fig. 4.7A). Cellulose phosphate Peak 2, on 
the other hand, contained three receptor complexes (Sephadex Peaks 
HP, and ehiidtwhichwad«S tokesharadiiesof 124 A, 48 iv and >48 A 
CE oh yas. 7 Br 

The chromatography of nuclear extract labelled in vitro 
with ECR ES. eee eee yielded two receptor complexes. 
One was eluted from cellulose phosphate as Peak 2a (Fig. 4.8) and from 
Sephadex G-200 as Peak III (Fig. 4.10A)3; the other was recovered 
as cellulose phosphate Peak 1 and Sephadex Peak I. The first had a 
Stokes' radius of approximately 24 A, whereas the second had a 
Stokes' radius of >48 A. Thus under in vitro conditions six types of 
androgen-receptors were isolated from prostatic cells. None of these 
were found to correspond to steroid-binding proteins of the serum 


(Fig. 4.15. and 4.16). 


we in Vivo Studies 


Results obtained from in vivo experiments differed 
from those obtained in vitro in that fewer receptor complexes were 


ee , 8 
isolated under in’ vivo conditions. “After a pulse ‘injection of [1,2-"H]- 
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testosterone into castrated rats only cellulose phosphate Peak 2 
(Fig. 5.2)mard: the Hoy She ia Sephadex Peaks I and II (Fig. 5.3) 
were isolated from the cytosol (note the absence of Sephadex Peak III). 
The relative amount of radioactivity associated with Sephadex Peaks I 
and II was determined by the ionic strength of the eluant. This 
effect of ionic strength was also seen in vitre (Fig. 4.2) and in 
general, is comparable to the transition of the 8S receptor to the 35 
form reported by others (Baulieu and Jung, 1970; Jung and Baulieu, 
1971). Although cellulose phosphate Peak 1 receptor was not seen 
in vivo, trace amounts of Sephadex Peak III complex were observed 
during pulse-chase Breer Sue A Croco G. 2), 

Nuclear extracts examined less than 60 min after the 
in vivo administration of [1,2--H] testosterone mainly yielded Sephadex 
Peak III receptor corresponding to a Stokes' radius of 24 A 
(Fig. 5.6). At later intervals, however, a significant amount of 
radioactivity was also bound to the larger form of nuclear 
receptor (Fig. 5.7). It is noteworthy that the nuclear receptors 
demonstrated under in vivo conditions using castrated rats are similar 
to those demonstrated under in vitro conditions using non-castrated 
rats. However, as will be pointed out later, different results are 


obtained in vitro when nuclei from castrated rats are used. 


3. The Incorporation of Androgens into Nuclei 
and Active Transport 
In classical terms active transport involves the 


following steps (Kaback, 1972): 
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(1) Substrate combines with a specific carrier on one side of a 
membrane and is translocated to the other side of the 
membrane. 

(2) The complex undergoes a conformational change so that the 
substrate has a reduced affinity for the carrier and is 
released. 

(3) The net result of this mechanism is that substrate is 
concentrated against a chemical gradient at the expense 


of metabolic energy. 


The transport of testosterone and dihydrotestosterone into prostatic 
nuclei appears to depend on a system which possesses these 
characteristics. First, testosterone and dihydrotestosterone 
accumulate in nuclei against a_ehnemical eradient. (Figs. 5.4 and’) 5.5). 
Secondly, the rate at which these steroids are transported seems to be 
limited (Table 6.1). Thirdly, it appears that the steroids are 
transported into the nucleus by a process which depends on the 
carrier function of steroid-receptors (Figs. 6.1B and €.3B). Finally 
it appears that the steroid-receptor is modified slightly during 
passage across the nuclear membrane (Figs. 5.2 and 5.6). This 
alteration presumeably results in a change of affinity and partial 
dissociation of the complex. The observation that a significant 
amount of intranuclear steroid is in the free form is in keeping with 


the latter conclusion. 
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Although in this investigation it was not shown that 
nuclear uptake of hormones is energy dependent, Sar et al. (1970) 
reported that prostatic minces concentrate steroids in the nucleus 
when the incubation temperature is 37° C but not when the temperature 
is 2° C. Rochefort and Baulieu (1969) demonstrated that the uptake 
of estradiol into uterine nuclei is also a temperature dependent 
process. 

While nuclear uptake and retention of androgens 
operates through a process which is characteristic of active transport, 
the passage of steroids through the plasma membrane of prostatic cells 
occurs by way of a different mechanism. In this investigation it 
was found that the amount of steroid entering the cytosol fraction 
was directly proportional to the dose of injected steroid (Table 6.1). 
Since even at relatively high doses of injected steroid (250 ug) it 
was not possible to saturate the transport capacity of the plasma 
membrane, it seems reasonable to believe that this process is not 
carrier mediated. Thus in accordance with the conclusions of 
other investigators (Giarei eta 19713 Munck 319/715 Brinkmann et al. , 
1972) it appears that steroids enter prostatic cells by passive 


diffusion. 


4, The Carrier Function of Steroid-Receptors 


Two observations indicate that cytosol receptors of the 


rat prostate are indeed essential for the incorporation of androgens 


©) 


into nuclei. First, it was demonstrated that the amount of ~H-steroid 
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chased from cytosol receptors to the nuclear receptors was 
quantitative and that’ the Eoeasher occurred sequentially (Figs. 6.1B 
and 6.3B). Secondly, despite the presence of at least five 

androgen metabolites in the cytoplasm (Bruchovsky, 1971), only 
testosterone and dihydrotestosterone were found to bind to 
cytoplasmic receptors (Fig. 5.1B); this limitation in binding 
corresponded to the limitation on the types of androgens 

transported into the nucleus. These findings are consistent with the 
view that either the steroid moiety of the cytosol steroid-receptor 
complex is transferred to nuclear receptor, or alternatively, that the 
entire cytosol complex enters the prostatic nucleus. As discussed 
below the evidence obtained in this study tends to favour the latter 
alternative. 

When binding studies were performed in vitro with 
nuclear extracts obtained from castrated animals (Fig. 4.9 and 4.10B) 
only the larger form of receptor was evident (Sephadex Peak I). 
However, when castrated rats were injected with [1,2--H] testosterone 
(Fig. 5.6 and 5.7) there was a progressive increase in the level of 
Sephadex Peak III receptor complex (24 A form). Since this complex 
is only seen in the nuclei of androgen-stimulated prostates 
(Fig. 4.8 and 4.10A) it seems reasonable to believe that this 
receptor complex is transferred from the cytoplasm. The fact that 
certain of the cytoplasmic receptors have chromatographic properties 
resembling those ascribed to the small nuclear receptors lends 


° 
further support to this view. It is clear that the small 24 A forms 
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of nuclear and the cytoplasmic complexes both display similar 
affinity for cellulose phosphate (Fig. 5.2 and 5.6). Moreover, the 
Sephadex Peak III receptors which are generated in cytosol under in 
vitro conditions, would appear to be the same as the Sephadex Peak III 
receptors which appear in nuclei under in vivo conditions. These 
results are consistent with reports that both nuclear and 
cytoplasmic receptors have sedimentation coefficients of about 3-4S 
(Fang et al., 1969; Fang and Liao, 1971; Mainwaring and Peterken, 
1S 8 

A final point which tends to support carrier role 
assigned to cytosol receptors is derived from studies with 
reconstituted cell free systems. In such investigations it has been 
shown that 3-4S steroid-receptor complexes formed in the cytosol 
inwvitro are able to permeate the nuclear membrane when incubated 


with isolated nuclei (Fang et al., 1969; Fang and Liao, 1971). 


5. The Presence of Acceptor Sites in Prostatic Nuclei 


At present it is generally believed that after the 
receptor complexes pass into the nuclei of target cell tissues they 
bind to acceptor sites within the chromatin (King and Gordon, 1972); 
Musliner and Chader, 1971; Tymoczko and Liao, 1971; Liao et al., 1973). 
While evidence in support of this hypothesis has been difficult to 
obtain, three findings made in this investigation are compatible with 
existence of acceptor molecules in prostatic nuclei. First, results 


from in vitro studies suggested that prostatic nuclei possess a class 
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of androgen binding sites (i.e. Sephadex Peak I) that are not grossly 
affected by castration (Fig. 3.6°and 4.10). Secondly, under pulse and 
pulse-chase conditions the levels of radioactivity associated with 
these sites increased as a function of time after the injection of 
Re Jee eet eotiosterone (Figs 5.7 and’ 6.5). Thirdly, «ghen dn vivo: 
labelled nuclei were frozen prior to examination on Sephadex G-200 
only the Sephadex Peak I sites were labelled with radioactive 

hormone (Fig. 5.8). Whether the observed binding of oy androgens to 
Sephadex Peak I was due to the binding of free steroids or whether it 
arose as a result of binding of smaller receptor complexes (i.e. 
Sephadex Peak III) is not certain. Also the possibility that 
Sephadex Peak I radioactivity represents a non-specific aggregate of 


binding proteins cannot be completely discounted. 


6. A Scheme of the Function of Receptor Proteins in 


the Intracellular Transport of Androgens 


On the basis of the apparent structural similarities 
and functional relationships ascribed to the receptor proteins it is 
possible to construct a model which outlines the role of steroid- 
receptors in the transport of steroids from the cytoplasm to the nucleus 
(Fig. 7.1). Testosterone, the principal male sex hormone diffuses 
from the circulation into the prostatic cell and is metabolized to 
dihydrotestosterone and other unconjugated androgens. Dihydrotestosterone 
and unmetabolized testosterone then bind to Sephadex Peak I receptor, 
which is probably equivalent to the 8S receptor described by 


Mainwaring and Peterken (1971). After this event the newly formed 
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A MODEL FOR RECEPTOR PARTICIPATION IN THE NUCLEAR UPTAKE OF ANDROGENS 


SERUM CYTOPLASM NUCLEUS 


IN VIVO BINDING T J 
IN VITRO BINDING 4; T 
SEDIMENTATION COEFFICIENT 8S 3-4S 3-4S oS : 
STOKES' RADIUS (A) . 48 24 24 = 


CELLULOSE PHOSPHATE PEAK 2 2 
SEPHADEX G-200 PEAK I I Ul Ill I 
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receptor complex undergoes a transition step to yield Sephadex Peak II 
complex. It is conjectured that Sephadex Peaks I and II may be 
related through an equilibrium reaction. 

Next a second transition yields a smaller 
receptor (Sephadex Peak III) which penetrates the nuclear membrane. 
Although the factors regulating the formation of this complex are 
unknown, there is some evidence which suggests that a specific 
enzyme may catalyze this type of reaction (Puca et al., 1972). 
Because the concentration of Sephadex Peak III complex is very low 
in vivo it seems reasonable to suspect that this species has only a 
transitory existence in the cytoplasm. 

During, or shortly after its passage through the 
nuclear membrane, Sephadex Peak III complex is modified so that it 
now has a reduced affinity for its substrate but binds more 
tenaciously to kta phosphate. Androgens appear in a bound and 
free state in the nucleus and it is not clear which form, if 
either, is active. It can be visualized that free steroid interacts 
directly with chromatin, that steroid-receptor complex interacts 
with chromatin or that the receptor (minus steroid) is the activator 
molecule. A final question yet to be elucidated concerns the fate 
of the intranuclear steroid; further study of the mechanisms involved 
in the discharge of steroids from the nucleus might provide useful 
information on the significance of various associations of steroids 


and receptors in prostatic cells. 
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APPENDIX 


AY Estimation of Protein Concentration from Absorbance at 280 nm 


and, 260' nm (Layne, 1957). 


Protein concentration (mg/ml) = 1.55 Digg - 0.76 D560 


where: Dogo is the absorbance at 280 nm 
D569 is the absorbance at 260 nm. 
BE. Estimation of Standard Error of the Mean (S.E.) 


where: s is the sample variance 
n is the sample size 


x is the sample mean 


i. 2S the Standard error: 


Sp) 


Gi Calculation of the Association Constant (Ka) (Scatchard, 1949). 


= Ka(n-v) 
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where: v is the amount bound (moles/mg) 
(A) is the amount unbound (moles/2) 
Ka is the association constant 


n is the number of sites (per mg) 
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